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ABSTRACT

Marquez, Israel A., Ph.D., University of South Alabama, December 2021. Direct and
indirect entry pathways of diatom organic matter into the marine food web. Chair of
Committee: Jeffrey W. Krause, Ph.D.
Primary production in marine systems is dominated by microscopic phytoplankton.
Most of this production is quickly consumed by zooplankton, which includes single-celled
organisms (protists) and multicellular animals. Diatoms are one of the most productive
phytoplankton groups and copepods, one of the most abundant animal groups in the ocean,
are important zooplankton consumers of diatom production. Insight into how food webs
are currently structured and how marine ecosystems function can be made by
understanding the magnitude of energy flow, and the mechanisms that influence the
efficiency of energy movement, between diatoms and copepods. The studies in this
dissertation leverage copepod-diatom grazing experiments to investigate how copepods
select diatoms to consume. Copepods must break through the diatom shell made of a
biosilica composite to access the contents within the cell, and prior work has suggested it
is preferable for the copepod to distinguish between cells with weak or strong shells (i.e.,
mechanical information). The results for the model system studied here suggest that the
thickness of the shell (i.e., strength) does not significantly limit copepod consumption and
therefore the diatom shell mechanical properties are not a primary selection factor for
copepods. Chemical sensing is important and is likely used to distinguish between cells
with higher organic content or detect specific classes of compounds. Diatoms were grown
in different conditions to produce variable types including cells having thin shells with low
protein content or thick shells with high protein. To test the combined effect of protein
xi

content and shell thickness on copepod preference, copepods were acclimated to one cell
type, starved, and then fed several diatom blends mixed in different proportions. Copepods
always consumed fewer of the diatoms on which they had been acclimated, instead
targeting new diatoms even in blends where new diatoms were three times less abundant;
neither protein content nor shell thickness provided predictive power in this model system.
These trends strongly suggest that copepods prefer a varied diet and will search and target
new food, even if it presents a stronger mechanical barrier or is less nutritious. This
dissertation also demonstrates that copepods can assimilate diatom-derived compounds in
a previously unknown way. Domoic acid (DA), a diatom-produced toxin, was used as a
tracer to demonstrate the movement of dissolved organic matter into the food web. This
work provides the first direct evidence that an algal toxin can be transferred into the food
web via consumption of organic polymers instead of the producing organism; DA was
measured in the dissolved phase, particulate phase, and in copepods which could only
ingest the DA-laced organic polymers. This pathway has implications for how DA is cycled
through pelagic and benthic food webs and the duration over which it can remain in marine
systems. Collectively, these findings have relevance from food-web transfer of metabolites
to factors affecting phytoplankton bloom dynamics and provide information on processes
that should be considered when trying to predict how the ecology of this critical trophic
interaction will change in the future ocean.

xii

CHAPTER I INTRODUCTION

Photosynthetic microbes, which span several orders of magnitude in size (e.g. nmµm; 10-9-10-6 m), make up the base of the marine planktonic food web. Given the
distribution of primary producer abundances in the ocean, this means that almost all
primary producers are small, and intermediate steps are required to transfer organic matter
from primary producers to higher trophic levels. Although most of the organic matter in
microbial food webs is made of valuable reduced carbon like lipids, proteins, and
carbohydrates (i.e. not recalcitrant carbon), average transfer efficiency of energy is still
generally low (e.g. 10%; Lindeman 1942). Energy is lost in each intermediate step due to
metabolic processes required for cell maintenance and repair. Therefore, short food chains
are important in marine systems because energy loss is mitigated with fewer intermediate
steps; short food chains appear to support pelagic areas with high biomass at multiple
higher trophic levels. These short links are facilitated by larger phytoplankton cells, like
diatoms, that can range from 5-300 µm for individual cells, and large chains of cells can
reach > 1 mm. Thus, larger herbivores like multicellular animal zooplankton (e.g.,
copepods) and larvae of various pelagic and benthic species can directly feed on large
primary producers. Areas that support some of the largest fisheries in the world, e.g. Bering
Sea, Monterey Bay, Gulf of Mexico, and Peru upwelling, are supported by the pulsed
primary production from diatom blooms.
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1.1 Diatoms
Diatoms, a type of phytoplankton, account for ~30% of the global oceanic primary
production (Nelson et al. 1995, Field 1998) and are capable of high numerical abundance,
especially in nutrient-rich waters (e.g. coastal upwelling). Diatoms are the primary drivers
of the marine silicon cycle due to their obligate silicon (Si) requirement for growth (i.e.
frustule); thus, they link the Si cycle with those of carbon, nitrogen, and phosphorus. In
terms of percent dry weight, diatoms are mainly composed of protein (27.4%), lipids
(18.8%), and carbohydrates (12.2%); compared to other phytoplankton groups, diatoms are
enriched in lipids (Finkel et al. 2016). The relatively large size and nutritional quality of
diatoms (among phytoplankton) make them ideal food sources for primary consumers like
copepods. However, the organic matter contained within the cell is encased in a silicified
frustule (i.e. shell) which has been thought to be a defensive barrier.
Diatoms are commonly grouped into centric or pennate morphologies, which are
radially or bilaterally symmetrical, respectively. In both cases, the cells are composed of a
larger epitheca overlapping a smaller hypotheca, and each theca consists of a valve and
siliceous linking bands called cingula or girdle bands (Round et al. 1990). Diatoms
transport silicic acid (i.e. Si(OH)4) from seawater into the cell using silicic acid transporters
(e.g. proteins) and transport it to a specialized compartment, the silica deposition vesicle,
where it is polymerized to form the amorphous biomineral (Hildebrand et al. 1997, Del
Amo & Brzezinski 1999). After the valve and girdle band structure have been completed,
the silica is moved to the outside of the cell where it becomes the exoskeleton. It is
hypothesized that tightly bound proteins (i.e. silaffins and long-chain polyamines) with the
silica play a role in determining the fine-scale structure observed in the valve layers (Swift
2

& Wheeler 1992, Kröger et al. 1994). At the nanoscale, the shell is made of a conglomerate
of colloidal silica (not crystalline) spheres that range in size from 20-100 nm (Crawford et
al. 2001). The valves contain a hierarchical structure of multiple layers with highly
organized patterns at the nano- to micrometer scale (Crawford et al. 2001, Sumper 2002,
Losic, Pillar, et al., 2007). The intricate and highly ordered patterns of the diatom shell
make it a distinct feature that has drawn attention and research throughout history.
The function of the diatom frustule has long been questioned. Ideas have been
proposed which include a variety of benefits, such as a proton buffering role in carbonic
anhydrase activity (Milligan & Morel 2002), light focusing/harvesting (De Stefano et al.
2009), a virus barrier (Kranzler et al. 2019), and nutrient acquisition (Hale & Mitchell
2001a). More commonly, the frustule is often thought of as a mechanical barrier to restrict
ingestion and digestion by mesozooplankton grazers (Smetacek 1999). The silicate spines
on some diatom species may restrict ingestion and the rigid frustules may limit digestion
(Raven & Waite 2004). Diatoms can manipulate frustule density in response to nutrient
availability and grazer presence on the order of days. Iron limitation can result in stronger
shells, diatoms grown in iron-deplete conditions required 1.5-3 times more force to crush
than cells grown in iron-replete conditions (Wilken et al. 2011). Iron-deplete conditions
decreased diatom growth rates and subsequently increased the amount of time in the cell
cycle where diatoms uptake silicon (Claquin et al. 2002). Furthermore, diatoms increased
cell wall silicification when grown in media that previously contained diatoms and grazers;
this suggests a grazer-induced increase in silicification as a defense mechanism (Pondaven
et al. 2007, Grønning & Kiørboe 2020). The effectiveness of the frustule as a grazing
deterrent may vary according to frustule density (i.e. Si µm-3).
3

The diatom frustule could serve as a defense mechanism that hinders access to
organic matter; frustule density, cell size, and overall complexity influence its
effectiveness. Crush tests identified the girdle bands as the weakest region of the frustule
for the species Coscinodiscus granii, Thalassiosira punctigera, and Fragilariopsis
kerguelensis, ~25% less force was required to break the frustule compared to loading force
on the valve center or perpendicular to the bands (Hamm et al. 2003). Additionally, the
authors demonstrated that absolute mechanical strength and the size of frustules were
inversely related within a single species and between different species, meaning more force
was needed to crush smaller cells. In particular, the pennate shape of F. kerguelensis was
the strongest shell likely due to the ribbed structure that acts as support and distributes
stress across the structure. It should be noted that not all diatoms that are ingested are
consumed, some cells remain viable with shells intact after passing through a copepod gut
(Fowler & Fisher 1983, Kruse et al. 2009). Variation in density, size, and geometry of
diatom frustules results in a gradient of frustule morphologies that serve as effective
grazing deterrents.

1.2 Copepod feeding and sensing
Copepods are selective feeders that use a variety of feeding strategies to acquire
food. The morphology of copepod setae and antennules largely influence which
disturbances can be detected (e.g. food or predator presence) and can be optimized to
function in certain environments (Fields 2014). There exist a variety of zooplankton
feeding strategies, including, but not limited to, generating feeding currents for direct
particle interception, filter feeding, and scanning currents (Kiørboe 2011). After capturing
4

a food particle from a feeding current, copepods will physically handle the prey item prior
to consumption (Koehl & Strickler 1981). Acartia clausi has the ability for post-capture
rejection of non-food particles (e.g. plastic sphere) by altering setal spacing to increase
capture efficiency of food particles and to avoid non-food particles (Donaghay & Small
1979). Additionally, both Calanus pacificus and A. clausi will feed on larger particles
within their particle-size ingestion range to satiate more rapidly (Frost 1972, Donaghay &
Small 1979). Furthermore, copepods have evolved effective feeding apparatuses to crush
diatom frustules. The gnathobases possess teeth-like structures with siliceous caps that help
overcome the mechanical barrier presented by the frustule (Miller et al. 1990; Michels &
Gorb 2015). There are many sharp projections on the crowns that fit into deep grooves
located on the opposite mandible, suggesting a cracking function for these teeth (Sullivan
et al. 1975). Lastly, it has been shown that some copepods have developed specific feeding
techniques to eat large particles, e.g., biting pieces of large diatom frustules to access and
ingest cell contents. This behavior has been observed in the copepods Temora longicornis
and Centropages hamatus (Jansen 2008, Friedrichs et al. 2013). Overall, copepods are
highly selective feeders and can efficiently distinguish between food and non-food
particles. However, it is unclear which plays a larger role in the post-capture rejection of
non-food particles, mechanical sensing (difficulty to break a shell) or chemical sensing
(organic matter detection).
Copepods also use chemical cues to find and select food particles. Bimodal
chemoreception feeding has been observed in Eucalanus pileatus, where long-range
chemoreception determines which particles get pulled into the feeding current (particle
capture) and short-range detection at the mouth determines particle ingestion (Paffenhöfer
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& Van Sant 1985). Species of Acartia and Calanus copepods display selection for fastergrowing cells versus slower-growing cells, presumably due to higher nitrogen content in
the fast-growing cells (Cowles et al. 1988, Kiørboe 1989, Barofsky et al. 2010). Calanus
spp. fed on Skeletonema marinoi and showed a preference for cells in late stationary phase
(slow) vs exponential growth (fast) phase, however, there was no significant difference in
basic cellular nutritional properties of S. marinoi (Barofsky et al. 2010). Intracellular
chemical profiles were different between the two phases, suggesting an active selection
mechanism that involves the detection of specific compounds. In a field experiment, it was
reported that the most abundant diatom in a bloom, Thalassiosira spp., was often rejected
even though the preferred prey was of the same genus (i.e. Thalassiosira) and similar size
(Leising et al. 2005). The copepod sensory system is highly specialized to detect chemical
cues that inform copepods about the nutritional quality or palatability of food particles.
Food quality is primarily a function of cellular lipid, protein, and carbohydrate
content and can affect secondary production in consumers. The quantity of these
metabolites is variable and can change when diatoms experience nutrient or light limitation.
Silicon, nitrogen, and phosphate limitation have been shown to increase lipid and
carbohydrate biosynthesis (Roessler et al. 1988; Yu et al. 2009). Furthermore, light
limitation can increase total lipid cell quotas in diatoms (Bai et al. 2016). Copepod growth
and development decrease when they lack polyunsaturated fatty acids in their diet (Vargas
et al. 2006) and there are demonstrated improvements in egg production and hatching
success when copepods are fed prey items with higher fatty acid content (Jónasdóttir &
Kiorboe 1996, Amin et al. 2011). However, there is also evidence which demonstrates that
a diet mainly composed of diatoms can be detrimental to reproduction and early life stages
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of copepods (Ban et al. 1997, Brugnano et al. 2016). Phytoplankton essential fatty acid
composition varies and can be exclusive to certain taxa, therefore copepods with a varied
diet may be more likely to access more types of fatty acids (Volkman et al. 1989, Broglio
et al. 2003). Considering food availability and nutritional quality are variable in the marine
environment it has been proposed that a varied diet is necessary to achieve optimal nutrition
and improve secondary production (Kleppel 1993).

1.3 Diatom secondary metabolites, toxins
Secondary metabolic compounds produced by diatoms can affect the palatability of
cells and function as a grazing deterrent and some pose a threat to human health via
consumption of contaminated seafood. Of particular interest is domoic acid, the toxin
responsible for amnesic shellfish poisoning, which is produced by some diatoms in the
genus Pseudo-nitzschia. Domoic acid bioaccumulates in higher trophic levels and has been
detected in crustacean zooplankton (Bargu et al. 2002), invertebrates (Vigilant & Silver
2007), birds (Fritz et al. 1992), and mammals (Scholin et al. 2000, Fire et al. 2011).
Detection of DA in higher trophic levels demonstrates that the toxin biomagnifies and its
prevalence among lower trophic levels suggests various organisms can directly feed on
Pseudo-nitzschia.
Domoic acid does not appear to have a strong negative effect on copepod grazing,
growth, or reproduction. No adverse effects were measured for feeding, egg production, or
egg hatching success in A. tonsa or T. longicornis when fed toxic versus non-toxic strains
of Pseudo-nitzschia (Lincoln et al. 2001). Additionally, copepods did not graze on toxic
versus non-toxic strains of Pseudo-nitzschia at significantly different rates (Tester et al.
7

2001). Lastly, grazing rates from field copepods feeding on natural phytoplankton
assemblages suggest a neutral preference for Pseudo-nitzschia whereas other
phytoplankton were actively avoided or preferred (Olson et al. 2006). Copepods may have
developed a tolerance to DA if Pseudo-nitzschia is commonly present and producing DA,
or they may not accumulate DA at high enough concentrations to experience toxic effects.
Domoic acid may be an ineffective grazing deterrent but may serve another ecological role.
Domoic acid production is partially affected by macro and micro-nutrient
availability. Pseudo-nitzschia seriata produced DA under P and Si limitation but had seven
times greater cellular DA content under Si limitation (Fehling et al. 2004). Analysis of a
dataset from 1989-2002 from Louisiana estuarine and coastal shelf waters elucidated that
Pseudo-nitzschia was most abundant under N-replete and low Si and/or P concentrations
and DA was frequently measured in dissolved and particulate pools (Parsons et al. 2013).
Pseudo-nitzschia blooms in Alabama waters have been correlated with high nitrate levels
due to high groundwater discharge from local aquifers and mean cell toxin quotas were
highly correlated with low silicate concentration (Liefer et al. 2009, MacIntyre et al. 2011).
High carbon dioxide concentrations representing future ocean scenarios, and low Si and P
concentrations have been shown to synergistically increase toxicity (2-5-fold) in Pseudonitzschia fraudulenta and Pseudo-nitzschia multiseries cultures (Sun et al. 2011; Tatters et
al. 2012). Iron and copper have been shown to have high binding constants to DA
suggesting toxic diatom strains may need certain trace metals for ecological success and
use DA as a chelator (Rue & Bruland 2001). Increased dissolved domoic acid production
under metal-stressed conditions further support the idea that DA functions as an ironsiderophore (Maldonado et al. 2002). DA was confirmed as a functional component of a
8

copper-regulated, iron acquisition system in Pseudo-nitzschia spp. which led to the
hypothesis that in the natural environment DA production will increase when there is
shortage of bioavailable iron or copper (Wells et al. 2005). Production and release of DA
into the water may provide a competitive advantage over other phytoplankton species that
do not produce metal chelators.
It is important to understand the mechanisms by which toxins enter the food web
and the vectors that move toxins through the system. Copepods may act as a vector of DA
by first consuming toxin-containing algae and subsequently being consumed by fish
(Lefebvre et al. 1999). The water-soluble nature of DA makes it favorable for fast
depuration from tissue, and therefore, for DA to be rapidly transferred to higher trophic
levels there must be herbivores that consume large quantities of toxic algal species and
have undigested toxic cells in their gut at the time they are consumed by a predator (Bargu
et al. 2011). However, depuration rates in A. tonsa and Calanus spp. are variable (4-48
hours) and longer rates may increase the likelihood for DA to enter the food web (Tester
et al. 2001; Leandro et al. 2010; Tammilehto et al. 2012). The longer the amount of time
the toxin spends in an organism also means there is more time for that individual to be
consumed and transfer the toxin. By keeping DA in a particulate (i.e. intracellular DA)
versus dissolved form (i.e. extracellular DA) it is less likely to be photodegraded by
ultraviolet light and can remain in the marine system longer. Not all DA released into the
environment is photodegraded, in fact DA has been measured in water samples collected
from 5000 m depth demonstrating that DA can have a long residence time in certain marine
systems (Geuer et al. 2019). This lends further evidence that DA can be exported to depth
via marine snow (e.g. aggregates, detritus) but it has only been speculated whether it can
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act as a vector for DA into the marine food web (Schnetzer et al. 2017). Considering that
there exists evidence suggesting that toxic blooms of Pseudo-nitzschia species may
increase in the future, it is important to understand the mechanisms determining the
movement and fate of DA in marine systems.

1.4 Proposed questions
This dissertation seeks to extend our knowledge on the dynamics regulating
efficient movement of organic matter to higher trophic levels. More specifically, this
project aims to better understand the combined effect of the mechanical barrier and
metabolites on copepod selectivity of diatom cells. Additionally, there is interest in the
effectiveness of indirect pathways to move diatom organic matter, like toxins, into the
marine food web. Due to diatoms’ importance in primary production and dominance of
production in systems with high fisheries yields, it is important to understand the
constraints of energy transfer through food webs particularly between one of the most
productive phytoplankton and most abundant animal zooplankton groups.

Question 1: Does an increase in silicification (i.e. Si µm-3) limit copepod consumption of
diatoms or can copepods modify their feeding behavior to maintain constant ingestion
rates?

Question 2: Do diatom frustule mechanics or cellular protein content play a larger role in
determining copepod grazing selection on diatoms?

10

Question 3: Can marine snow function as a vector for DA to enter the marine food web
without organisms consuming diatoms directly?

11

CHAPTER II INSIGHTS INTO THE STRUCTURAL MECHANICS OF DIATOM
FRUSTULES

2.1 Abstract
Diatoms and copepods are an important primary producer and primary consumer
pair that can facilitate efficient transfer of organic matter in marine food webs. Diatoms
have a silicified cell wall (i.e. frustule, shell) that may provide mechanical protection
from being grazed, but copepods have evolved siliceous teeth to overcome that
mechanical barrier. In this study, we tested the hypothesis that increased silicification (i.e.
silica per unit area) of diatom frustules limits copepod ingestion of diatoms by feeding
the diatom, Thalassiosira rotula, to the copepod, Acartia tonsa. We found no differences
in grazing rates or in the ratio of broken to intact frustules between treatments, nor
differences in the breakage patterns of diatom shells between treatments. We suggest that
increased silicification in a diatom shell does not impart additional defense against
grazing in this system because the amount of force exerted by the copepods is excessive
for both thick and thin frustules, and that the frustule may be weak against catastrophic
failure due to prestress induced during the development of its patterned structure. A
hallmark of prestress in the frustule was that partially cracked shells remained open. We
suggest the presence of prestress in the structure may help prevent or minimize
dissolution of the shell in seawater but at the cost of reduced protection from grazing.
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2.2 Introduction
Pelagic marine diatoms are a group of phytoplankton that are most abundant
along continental coasts, high latitudes, and other turbulent and nutrient-rich systems.
Globally, they are estimated to be responsible for ~20% of oxygen production (Nelson et
al. 1995, Field 1998). Their relatively large size can facilitate shorter food chains (e.g.
fewer intermediate steps from the primary producer to the terminal organism) and fuel
productive fisheries. Diatoms often dominate the phytoplankton biomass and bloom
productivity rates in areas such as the Alaska seas, California Current, and northern Gulf
of Mexico where the seafood harvest is valued between $150 million-$4.7 billion
annually (NOAA Fisheries). Diatoms are the only major phytoplankton group with an
obligate growth requirement for silicon, which is used to build their characteristic frustule
(i.e. shell). Regions with high diatom abundances typically have an abundance of
copepods, which can exert significant mortality losses on diatoms via grazing. Copepods
are primary consumers and a primary food source for many larval organisms, and
therefore play an important role in the marine food web as a key link between trophic
levels (Banse 1995, Turner 2004).
The diatom shell is comprised of two valves that have organized lattice patterns at
the nano, submicro, and micrometer scale and are connected by girdle bands (Crawford et
al. 2001, Sumper 2002, Losic et al. 2009). Each valve contains three layers, the innermost basal plate, cribrum, and outer cribellum, each with distinct nanostructures (Losic,
Pillar, et al., 2007). Three-point bending experiments and computer simulations
demonstrate that the basal plate better distributes mechanical stress than the cribrum,
which seems to concentrate stress at certain features, and is likely more responsible for
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the stability of the shell (Aitken et al. 2016). Furthermore, the material properties of the
diatom shell make it the strongest known biomaterial relative to its density (Aitken et al.
2016) and supports the claim that the diatom shell evolved as a defensive trait against
grazing.
There are many proposed functions for the frustule including light harvesting
(Noyes et al. 2008, De Stefano et al. 2009, DeTomassi et al. 2010, Romann et al. 2015),
nutrient acquisition (Hale & Mitchell 2001a,b, Hale & Mitchell 2002), and a defensive
barrier. The latter function has been the topic of considerable research in the last decade
from both mechanical and ecological perspectives (Smetacek et al. 2002, Losic, Short, et
al. 2007, Luo & Greer 2018). The diatom frustule appears to impart some degree of
defense from ingestion by grazers. Dinoflagellates and ciliates have been shown to
preferentially consume diatoms with lower Si content, indicating a thinner shell (Zhang et
al. 2017). Some diatoms have been documented to pass through the gut of copepods and
remain viable once defecated (Fowler & Fisher 1983, Kuwata & Tsuda 2005, Jansen &
Bathmann 2007). Pondaven et al. (2007) demonstrated that diatom shell thickening was
induced by growing diatoms in media which previously contained a mixture of copepods
and diatoms; it was concluded that chemical cues from copepods and partially grazed
diatoms, released during grazing, induced the shell thickening. Copepods also show
preference in consuming diatoms with thinner shells, Parvocalanus crassirostris ingested
Thalassiosira weissflogii cells with lower Si content at a rate 2-3 times higher than
diatoms with thick shells (Liu et al. 2016). Temora longicornis had reduced grazing rates
on thicker diatom shells of various species, which led the authors to conclude that the
diatom shell evolved as a mechanical defense against population loss from copepod
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grazing (Pančić et al. 2019). Most recently, Grønning & Kiørboe (2020) grew diatoms in
media with copepodamides (polar lipids from copepod extract) and suggested diatoms
increase shell thickness as a defensive trait but at the cost of reduced growth rate. These
studies have been informative by providing evidence for the shell as an effective
defensive trait but are largely from the perspective of the diatom without as much
consideration of zooplankton physiology and behavior.
Many species of calanoid copepods, particularly those which graze on diatoms,
have silica-capped gnathobases (i.e., teeth; Beklemishev 1954). Tooth structure varies
with diet; herbivorous species possess short, compact, sharp projections on the
gnathobases that fit into deep grooves on the opposite side of the jaw suggesting a
cracking rather than grinding function, and carnivorous species have longer and more
pointed teeth (Anraku & Omori 1963, Sullivan et al. 1975, Michels & Schnack-Schiel
2005). The teeth of Centropages hamatus and Rhincalanus gigas are composed of a
composite material: the base consists of resilin, a protein compound which likely helps
absorb some of the stress experienced when feeding on diatom shells, and the tooth is
capped with a hardened silica crown that helps to puncture diatoms (Michels et al. 2012,
Michels et al. 2015). Specifically, the teeth of C. hamatus are largely composed of
crystalline silica which is a harder material than amorphous silica (e.g. diatom shell
silica) and also makes it resistant to abrasion from the diatom shell during feeding
(Michels et al. 2015). The difference in material aids in prolonging the integrity of the
copepod tooth by minimizing mechanical wear over time. Some copepod species have
evolved to consume diatoms as is evident by the material composition of the tooth and its
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morphology which are capable of repeatedly withstanding the stress experienced while
feeding on diatoms.
Several techniques have been used to measure the mechanical properties of the
diatom shell, including atomic force microscopy, micromanipulators, and nanoindentation (Crawford et al. 2001, Hamm et al. 2003, Subhash et al. 2005). Crush tests, in
which a uniaxial force is applied to the shell in various orientations, give insight into the
relative strength or stability of the shell and show that shells fail by brittle failure (Hamm
et al. 2003, Wilken et al. 2011, Friedrichs et al. 2013). Other studies provide insight to the
mechanical properties of the biosilica material that encases the cell wall by using atomic
force microscopy or nano-indentation to calculate hardness (i.e., resistance to permanent
deformation) and stiffness (i.e. Young’s modulus - resistance to elastic deformation;
Subhash et al. 2005, Losic, Short, et al., 2007). Diatom shells with higher silica content
can withstand higher loading forces prior to failing than shells with less silica content.
Studies utilizing atomic force microscopy have shown that diatom silica, in particular the
girdle bands, is anisotropic, meaning the material behaves differently based on the
direction of applied force (Garcia et al. 2011). This frustule characteristic matters for
copepod feeding because the amount of forced needed to break the shell (e.g. energy used
by the copepod) may change based on the orientation in which the animal applies force
onto the shell. Crush tests performed on diatom frustules have repeatedly shown that the
relative orientation in which the load is applied on the shell (e.g. valve surface, parallel or
perpendicular to the girdle bands) can make the shell more or less susceptible to
mechanical failure (Wilken et al. 2011, Friedrichs et al. 2013, Xu et al. 2021).
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Diatom shells damaged from copepod grazing have been documented by other
studies investigating grazing interactions and mechanical properties of the diatom shell
(Subhash et al. 2005, Jansen 2008, Friedrichs et al. 2013, Moreno et al. 2015). Some
copepod species like Temora longicornis and Centropages hamatus are capable of
consuming cells too large to fit in their mouth (e.g. Coscinodiscus wailesii) by targeting
the girdle band on a diatom shell and breaking smaller areas to access the organic
contents (Jansen 2008, Friedrichs et al. 2013). Breaking patterns may also be a result of
loading force differently based on the orientation of the shell between the copepod
gnathobases. Similar phenomena have been detailed for bone fractures, where
compressive, tensile, bending, and torsion forces result in different fracture types
(Browner et al. 1998).
In this study, we aim to understand how copepods break diatom shells and
whether the breaking patterns suggest specific site targeting on the frustule. We use a
common copepod-diatom pairing (i.e. common sizes for abundant copepods and diatoms
in nature) to investigate the feeding mechanics on diatom shells with different silica
content, and presumably different mechanical strengths. The copepod Acartia tonsa is a
widely distributed species found in estuaries and coastal waters (Paffenhöfer & Stearns
1988; Mauchline 1998) and the diatom Thalassiosira rotula belongs to the third most
abundant genus of diatoms globally (Malviya et al. 2016), and these species are
frequently used in studies investigating grazer interactions (Martin-Jézéquel et al. 2000
and references therein, Claquin et al. 2002). Additionally, the copepods can be raised in a
hatchery and have a known feeding history (Marquez et al. 2020) and the silica content of
diatoms can be manipulated without significantly altering their sizes or growth rates
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(Marquez & Krause in review). We document and quantify the distribution of fractured
edges on damaged diatom shells and hypothesize: 1) cells with thicker shells will provide
effective defense against copepods and result in decreased grazing rates of thick shells
relative to thin shells and a decreased proportion of damaged cells, 2) copepods target
weak areas of the shell as evidenced by different patterns of fractured shell edges.

2.3 Materials and methods

2.3.1 Diatom and copepod growth conditions
The cosmopolitan diatom species T. rotula was isolated and cultured from dock
samples collected at the Dauphin Island Sea Lab, Dauphin Island, AL. Cultures were
grown in semi-continuous batch with L1 media prepared according to the National Center
of Marine Algae and Microbiota at Bigelow Laboratories (Anderson 2005). All seawater
used for media preparation was originally collected from offshore Mississippi Canyon
surface water (28.2668 °N, -89.4760 °E). Seawater was filtered using a 0.2 µm Whatman
Polycap filter and autoclaved for sterility. Media was adjusted to 30 ppt salinity to match
conditions which copepods were reared (below) and had pH of 8.0 prior to adding
diatoms. To ensure cultures would not be Si-limited for the rate of Si uptake (i.e. kinetic
limitation, which can result in frustule thinning, McNair et al. 2018) and/or cell division,
an additional 200 µM Si, as sodium metasilicate, was added to the media. Diatoms were
grown at 20°C in a 12:12 light:dark cycle, and at two light intensities, 40 and 400 µE m-2
s-1, to manipulate the Si content of the diatom shell. Cells grown in low light intensity
tend to have higher Si content compared to cells grown in high light intensity which
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generally have thinner shells (Taylor 1985; Claquin et al. 2002). The fluorescent dye
PDMPO [2-(4-pyridyl)-5-((4-(2dimethylaminoethylamninocarbamoyl)methoxy)phenyl)oxazole] (LysoSensor
Yellow/Blue DND-160, Invitrogen by Thermo Fisher Scientific) was added to the media
at a final concentration of 150 nM to stain diatom silica in both treatments to visualize
damaged cells more easily. This concentration has been shown to provide consistent
labeling without affecting diatom growth rates (LeBlanc & Hutchins 2005; McNair et al.
2015). Diatoms were grown for at least seven cell divisions to ensure nearly all (i.e.
>98%) cells would have fully labelled (i.e. both valves) frustules. Cells will now be
referred to as thick or thin shells, which correspond to the 40 and 400 µE m-2 s-1 light
conditions they were grown in, respectively.
Adult copepods, A. tonsa, were obtained from the University of Southern
Mississippi Gulf Coast Research Laboratory Thad Cochran Marine Aquaculture Center.
Animals were not separated by sex, reared at 30 ppt salinity, 25ºC, and fed a diet of the
haptophyte, Isochrysis galbana prior to acquisition for acclimation and experimentation.
Separate incubation bottles, with a final concentration of 150 nm PDMPO, were used
specifically to stain copepod gnathobases for confocal imaging. Copepods were kept in
solution for a week with food, then collected, preserved in methanol, and mounted on a
slide.
2.3.2 Experimental design and sample collection
Four grazing experiments (Experiments 1-4) were performed to test our
hypotheses that copepods would consume fewer diatoms with thick than thin shells and
that copepods break thick shells differently from thin shells. Cell size and silica content
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were determined for both shell types and cell counts were used to calculate grazing rates.
Copepod fecal pellets and feeding remnants were viewed under microscopes to identify
and quantify the frequency with which damaged diatoms and damage patterns were
present in the sample.
Copepods were collected from the aquaculture center, transported to the Dauphin
Island Sea Lab (distance ~100 km) and starved for 24 hours in 30 ppt salinity L1 media at
20ºC. After the starvation period, the copepods were fed either thick or thin diatoms at
cell densities of ~3500 cells mL-1 at 20ºC for 24 hours. Copepods (10-12 adult A. tonsa)
were added to quadruplicate replicate 125 mL polycarbonate bottles, filled to the brim to
minimize air bubbles (total volume 175 mL), in two treatments: thin-shelled and thickshelled diatoms. There were two additional control treatments without grazers, to account
for diatom growth of each cell type during the experiments (Frost 1972) and any damage
that cells may incur during handling. All grazing incubations were conducted for 24
hours.
Initial and final samples for diatom biogenic silica (bSiO2), cell abundance, and
biovolume measurements were collected for each individual bottle. Bottles were gently
rotated and inverted five times prior to collecting each sample. bSiO2 was collected by
filtering 5 mL through a 10 µm polycarbonate filter and quantified using an alkaline
digestion in Teflon tubes (Krause et al. 2009). For cell abundance and biovolume
measurements, a separate 10 mL was collected, preserved in Bouin’s solution (0.4% final
concentration), and stored at 4ºC until analysis. Cell counts for grazing rate calculations
were quantified from a 1 mL subsample settled in a Sedgewick Rafter slide. Cells were
settled for at least 30 minutes prior to counting and a minimum of 400 total cells (1
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standard deviation counting error = 5%) were counted. Cell morphometrics, such as
estimated spherical diameter (ESD) and biovolume, were obtained using a VS Series
benchtop FlowCam (Yokogawa Fluid Imaging Technologies; Scarborough, ME) as
described previously (Lomas et al. 2019, Krause & Lomas 2020, Marquez & Krause in
review). Sample analysis was done using ‘autoimage’ mode (opposed to fluorescent or
laser scatter triggers) with a 10x objective, a 100 µm by 2 mm flow cell, and a flow rate
of 0.4 mL min-1. The accompanying image processing software was used to filter the
images acquired and remove detrital material from the image library. In this manner we
could attain an accurate and well constrained size distribution and morphometrics of
diatom cells in our samples. These data were used to estimate cellular silica content
bound in the diatom shell (necessary to estimate shell thickness). We normalized total
quantified bSiO2 (µmol L-1) to cumulative cellular biovolume to account for cell
abundance variation (Eq. 1):
(µmol bSiO2 L-1) x (µm3 cell-1)-1 x (cells L-1)-1 x (109 fmol Si µmol Si-1) = fmol Si µm-3

Diatom cells, feeding remnants, and copepod pellets were collected to determine
if diatom shells with different bSiO2 content fracture in different patterns. At the end of
the 24-hour grazing period, copepods were removed by pouring the contents of a bottle
through a 200 µm nitex mesh. The filtrate was collected in a glass dish and then poured
through a 32 µm nitex mesh which was intended to collect the fecal pellets and any cells
≥ 32 µm (~3.5% of the population abundance). The final filtrate was filtered onto a 10
µm polycarbonate filter and then resuspended in a 50 mL polypropylene centrifuge tube.
Material from the same size fraction of each replicate bottle were pooled together into
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one sample, preventing the measurement of variability amongst replicates, however, there
was greater interest in potential differences among experiments than replicates within an
experiment. All samples were resuspended in 40 mL of 0.2 µm filtered seawater with 0.8
mL of 30% hydrogen peroxide (~2% H2O2 final solution), loosely capped, and gently
shaken overnight. This process was intended to partially clean the cells (oxidize organic
matter) while also breaking up the fecal pellets to be better able to view the damage to the
shells. Control samples underwent the same process to account for any damage done to
the shells during the mixing process. After 24 hours the samples were removed from the
shaker table and centrifuged at ~1000 × g for three minutes. The volume in the samples
was then aspirated to ~5 mL (to mitigate loss of the pelleted material), rinsed with 10 mL
of deionized water (18 MΩ resistivity) and centrifuged again for three minutes (same
settings as above). This process was repeated three times to dilute the hydrogen peroxide.
Lastly, the samples were stored in 10 mL of methanol to preserve the PDMPO-stained
shells (McNair et al. 2015); sample tubes were wrapped in Parafilm to minimize
methanol evaporation and stored at 4ºC until analysis.
2.3.3 Microscopy
Samples were mounted onto a poly-l-lysine coated slide (Electron Microscopy
Sciences; 560 Industry Rd. Hatfield, PA 19440). Strips of laboratory tape were used to
create a shallow well where the sample volume (200-400 µL) could be contained. The
methanol was slowly evaporated in a hood to facilitate a monolayer distribution of cells
which improved visibility and clarity in identifying breaking patterns. ProLongTM Gold
antifade reagent (Invitrogen by Thermo Fisher Scientific) was used to help preserve the
PDMPO fluorescence, a few microliters were placed on a coverslip, slowly rotated to
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evenly distribute the viscous liquid, and gently placed onto the sample to avoid trapping
air bubbles. The slides were then placed in a hood and allowed to dry for 24 hours prior
to sealing the edges of the coverslips with clear nail polish. After the nail polish dried, the
samples were stored at -20ºC until analysis.
Cells were viewed under two microscopes to first obtain high-resolution images
of damaged cells to define categories of damage then to quantify damaged cells more
quickly at lower resolution. A Nikon A1R spectral confocal microscope located at the
University of South Alabama BioImaging Core Facility was used to obtain high
resolution images of damaged cells and helped categorize the different fracture modes
present in the samples. Camera and laser specifics (e.g. channel settings, wavelengths,
aperture, gain) were set to the same settings as reported previously for this instrument
(McNair et al. 2015). The second instrument used was an Olympus BH2-RFL epifluorescent microscope with a mercury short-arc discharge lamp (HBO 100W/2, Osram).
The cells were visualized in darkfield using a DAPI filter cube and counted to assess the
distribution of breaking patterns in diatoms, a minimum of 300 damaged cells were
counted for this analysis to quantify the distribution of breaking patterns. Cells could be
visually scanned faster with the epi-fluorescent microscope and with sufficient resolution
at 200x magnification to identify broken shells.
Damage pattern frequency was determined only using fecal pellets and cells
collected on the 32 µm filter. As expected, this size had a higher proportion of damaged
cells, compared to the material < 32 µm (data not shown), because it contained fecal
pellets (i.e. concentrated packets of damaged cells) and larger cells in the cell population,
some of which may have been damaged during feeding but not ingested. Cells were
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manually enumerated and therefore it was more efficient to focus the effort on counting
damaged cells in the larger size fraction to reach our minimum damaged cell count of 300
more rapidly. The first experiment was the only instance where we did not reach this goal
due to a lack of material collected, i.e. damaged cells were scarce in the samples (Table
2.2).
Images of copepod gnathobases and diatoms obtained via the confocal
microscope were processed using the open-software image processing package Fiji
(ImageJ2; Schindelin et al. 2012). Images of copepod gnathobases and diatom cells were
produced by compiling image slices and stacking using the z-projection feature and the
projection type based on the standard deviation of pixel brightness. These images were
obtained to better understand the relative size of the shell to the copepod teeth and how a
shell may orient between gnathobases which may affect how stress is applied and
distributed across the shell structure.
Data regarding the fracture patterns was tested for normal distribution using the
Shapiro-Wilk test and then followed with an ANOVA or Kruskal-Wallis test for
significance in the distribution of fracture patterns within cell types. A Student’s T-test
was used to test for differences in grazing rates and silica content between shell types. All
statistics were run using the statistical program R.
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2.4 Results

2.4.1 Diatom characteristics
Light intensity was successfully used to manipulate shell thickness without
changing the size and biovolume of the cells. As intended, growth rates for thin shells
(0.33-0.42 d-1) were higher than thick shells (0.11-0.27 d-1) in each experiment, and thin
shells contained less normalized bSiO2 than thick shells (Table 2.1). Thick shells had 1.11.4 times more bSiO2, normalized to biovolume, throughout the four experiments (Table
2.1). A small difference in degree of silicification between cell types was measured in
Experiments 1 and 3, e.g. 1.1 and 1.2 times more silica in thick shells, and cells were not
significantly thicker, p = 0.28 and 0.08, respectively. Cells were most similar in Exp 1
and omitted from any further analysis, and although cells in Exp 3 were not significantly
different they are included for analysis because the normalized bSi values are similar to
those in Exp 2 and 4. Larger differences were observed in Experiments 2 and 4 where
thick cells had 1.4 times more bSiO2 than thin shells (p = 0.01 and 0.001). Diatoms grown
in low light conditions consistently had higher silica content and presumably thicker
shells than those grown in high light conditions.
Diatoms with thick and thin shells had very similar average estimated spherical
diameter (ESD), 25.5 µm and 24.5 µm, respectively, with minimal variability throughout
all four experiments (Table 2.1). The minimum and maximum ESD for thick and thin
shells ranged from 19-46 µm among all experiments and the distribution of ESD was
slightly skewed toward lower diameters in both treatments and all experiments. At least
half of the cells were between 22-27 µm ESD in both treatments (Figure 2.1).
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Additionally, many of the treatments had small peaks in particles > 32 µm, these
frequently were cells undergoing division or auxospores, but these were never more than
~6% of the total population. Individual cells that were > 32 µm were far less common
and still included in analysis for damage pattern frequency. There was minimal
variability in cell size among treatments and provides confidence that cell size was not a
confounding factor affecting grazing rates or damage patterns.

Table 2.1. Thalassiosira rotula cell characteristics. Thick and thin shells corresponds to
light intensity treatments, 40 µE and 400 µE, respectively. Growth rates (day-1),
estimated biogenic silica content normalized to biovolume (bSiO2; fmol µm-3), cell
diameter approximated from estimated spherical diameter (ESD), biovolume (µm3), and
the number of cells used to quantify diameter and biovolume. bSiO2, diameter, and
biovolume are average ± st. err of n = 4 replicates. The number of cells observed for
diameter and biovolume are the sum of four replicate samples for each treatment and
contribute to the low error in these values.
Experiment

1
2
3
4

Shell
type
Thick
Thin
Thick
Thin
Thick
Thin
Thick
Thin

Growth
bSiO2
rate
(fmol µm-3)
(day-1)
0.27
1.89 ± 0.12
0.42
1.72 ± 0.07
0.15
4.47 ± 0.20
0.40
3.31 ± 0.03
0.11
4.23 ± 0.16
0.38
3.56 ± 0.28
0.13
4.77 ± 0.11
0.33
3.38 ± 0.14
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Diameter
(µm)

Biovolume
(µm3)

No. of
cells

25.4 ± 0.04
25.3 ± 0.05
25.7 ± 0.04
24.9 ± 0.05
26.1 ± 0.05
24.7 ± 0.04
25.6 ± 0.05
24.7 ± 0.04

8750 ± 44
8959 ± 66
9184 ± 51
8372 ± 50
9674 ± 62
8212 ± 43
9172 ± 60
8201 ± 52

3458
3868
3965
3738
3816
4228
4158
4514

Figure 2.1. Density plots of cell diameter for thick (blue) and thin-shelled (green) T.
rotula in Experiments 1-4. For each histogram, the lower and upper 5% of the data were
removed (i.e. 90% of data displayed); the total number of cells for each treatment
correspond to the values in Table 2.1. Solid lines are the average diameter and dashed
lines mark the 25th and 75th percentiles; colors correspond to treatment. Percentage of
cells > 32 µm; Exp 1: thick - 1.0%, thin - 5.8%; Exp 2: thick - 3.7%, thin - 2.5%; Exp 3:
thick - 5.8%, thin - 1.6%; Exp 4: thick - 4.7%, thin - 2.3%.

2.4.2 Copepod grazing
There were no significant differences in grazing rates between cell types in three
of the four experiments and copepod preference for consuming thin-shelled diatoms was
inconclusive. In Exp 1 copepods grazed on thick diatoms faster than thin-shelled diatoms,
324 ± 56 cells copepod-1 hr-1 and 222 ± 90 cells copepod-1 hr-1 (p = 0.57), respectively
(Figure 2.2). The opposite was true in Exp 2, grazing on thick shells was less than thin
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shells, 151 ± 62 cells copepod-1 hr-1 and 259 ± 19 cells copepod-1 hr-1 (p = 0.65),
respectively (Figure 2.2). In Exp 3 there was no measurable grazing on thick shells and
thin shells were consumed at a rate of 377 ± 62 cells copepod-1 hour-1 (Figure 2.2), which
was determined a significant difference in grazing rate (p = 0.01). Lastly, grazing rates
were the most similar in Exp 4, thick shells were grazed at 346 ± 97 cells copepod-1 hr-1
and thin shells were consumed at 358 ± 110 cells copepod-1 hr-1 (p = 0.93). Copepods
grazed both shell types at similar rates and clearly preferred thin-shelled diatoms in
experiment three.
The proportion of damaged cells observed in the samples were similar amongst all
experiments and treatments. For thick cells, the ratio of damaged to observed cells ranged
from 4.7%-7.9% across all experiments, and for thin cells the percentage ranged from
1.6%-5.9% (Table 2.2). Low values were calculated for thin shells in Exp 1 and 3 and
may be considered outliers. Not enough material was collected to obtain an accurate
proportion in Exp 1 and although there were sufficient cells in Exp 3, there were few
damaged cells in the subsamples. Similar values and low variability in the proportion of
damaged cells in both diatom types suggests shell thickness did not improve defense
against grazing relative to thin shells.
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Figure 2.2. Acartia tonsa grazing rates on Thalassiosira rotula. Both axes are number of
T. rotula cells consumed per copepod per hour. Symbols represent the experiment
number and the standard error bars are calculated from n = 4 replicates. The dashed 1:1
line represents neutral preference for a prey type, above the line suggests preference for
consuming thin-shelled diatoms and below the line suggests preference for thick-shelled
diatoms.

2.4.3 Copepod gnathobases and shell damage categorization and frequency
The gnathobases of A. tonsa were imaged to visualize the relative size of the
diatom shells to the copepod teeth and understand possible mechanisms of failure (Figure
2.3). Each gnathobase contains one large primary ventral tooth and six smaller central
teeth which interlock when the gnathobases are closed (Figure 2.3b,c). T. rotula has a
typical centric morphology and honeycomb lattice on the valve face while the girdle
bands contain smaller pores and striations on the surface (Figure 2.3d). Given the size of
A. tonsa’s mouth, T. rotula likely fits in various orientations between the copepod jaws
which affects the number and location of contact points on the diatom shell. For example,
force may be applied onto the diatom shell with only the two ventral teeth or with various
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central teeth. The number of contact points would likely affect how stress (i.e. force area1

) is applied onto the shell, either concentrating it due to fewer contact points or

distributing it across several points. Consequently, this may affect the damage patterns on
diatom shells.
Images of damaged cells were examined and categorized, with the same damage
patterns observed in both cell types and across the different experiments. Four failure
patterns were: straight fractures, non-straight fractures, punctures, and girdle band cracks
(Figure 2.4). These classifications were chosen based on examination of images and
considering mechanisms of mechanical failure. Straight fractures were cracks that
propagated in a near straight path, with minor deflections, across the entire face of the
valve and either completely or partially cracked in half (Figure 2.4a). These are likely a
result from sudden failure. Non-straight fractures had multiple forms: jagged fractures
with many sharp angles, more rounded, curved fractures, and chipped valves in which a
small, curved crack on the valve edge was at times mirrored on the other side (Figure
2.4b1,2,3). These patterns suggest that fracture occurred gradually or in stages,
potentially with warping in the material. Punctures were small singular holes, comparable
in size to the large tooth on the gnathobase, on the valve or girdle band, suggesting single
point force application, and at least one valve was still fully intact or had minimal
damage to the rest of the valve surface (Figure 2.4c). Most observations were made on
the valve surface which is likely an artifact of the tendency of cells to settle in valve
orientation. Fractured girdle bands were observed less frequently, cracks extended around
the circumference of the girdle band, generally parallel to the valve surface, and
sometimes a single valve was displaced but still attached to the girdle band (Figure 2.4d).
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Due to its rarity in the dataset, frequently <1% of the damaged cells, and the questionable
comparison due to an artifact of our methodology, this pattern was omitted from any
subsequent analysis.

Figure 2.3. Z-stacked confocal images of three copepod individuals and diatom cells
from this study. Image magnification located below or next to each scale bar. a) Acartia
tonsa, dorsal view of anterior region, yellow boxes encompass gnathobases and yellow
arrows show the distance (39 µm) between gnathobases; a diatom cell ~25 µm in
diameter is placed in the image as a reference for the relative size of the organisms to
each other. b) gnathobases of A. tonsa. c) closed gnathobases displaying interlocking
teeth. d) Thalassiosira rotula cell and the different orientations which force is typically
loaded on diatom shells in previous studies.
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Figure 2.4. Examples of each type of breaking pattern observed for T. rotula after being
fed to A. tonsa. Patterns were observed for both thick- and thin-shelled diatoms. Cells are
approximately 25 µm in diameter. The images were produced by z-stacking image slices
obtained with a Nikon A1R confocal microscope.

Diatoms with thick and thin shells displayed similar distributions of fracture
patterns among damaged cells. In Exp 1 there was not much material captured in the fecal
pellet fraction, particularly for thin shells, and therefore the cell counts were low (Table
2.2). However, thick and thin shells displayed the same general pattern of the highest
frequency in non-straight fractures, followed by straight fractures and then punctures
(Table 2.2). Thick shells in Exp 2 had more punctures than straight fractures, but nonstraight fractures were still the most observed damage pattern (Table 2.2). Among thin
shells in this experiment, there were 3 times more cells with non-straight fractures than
straight fractures and 7.5 times more non-straight fractures than punctures. In Exp 3, nonstraight fractures were the most frequently counted pattern in both cell types and straight
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fractures and punctures were ~3 times less than non-straight fractures (Table 2.2). Lastly,
in Exp 4 non-straight fractures were the most abundant in both cell types, ~2.5 times
higher than the next most abundant pattern. Combining data for both cell types from all
experiments demonstrates that non-straight fractures were the most frequently observed
(thick: 55.8%; thin: 63.8%), followed by straight fractures (thick: 29.4%; thin: 22.8%)
and then punctures (thick:14.8%; thin: 13.4%; Figure 2.5). There was no statistical
difference in the frequency of straight, non-straight, or punctures between thick and thin
shells. However, a Kruskal-Wallis test demonstrated significant differences within shell
types, there were significantly more non-straight fractures in thick and thin shells relative
to punctures (p = 0.01) but not straight fractures. Lastly, the range of the proportion of
damaged cells to total cells observed was similar between thick and thin shells, 5.3% and
3.5%, respectively (Table 2.2). The value for thin shells is skewed lower due to the
outlier in Exp 3 where there was a particularly low percentage of damaged cells (1.6%) in
the sample relative to other thin shell treatments which averaged ~3.8% damaged cells;
removing the outlier brings the average up to 4.2% damaged cells.
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Table 2.2. Total number of observed and damaged T. rotula cells for each experiment and shell type, grouped by category as in
Figure 2.4.

Fracture type
Experiment

1

34

2

3

4

Treatment

Total
Total
observed damaged
cells
cells
Control thick 3038
20
Control thin 3000
9
Thick
2777
221
Thin
3413
64
Control thick 3000
10
Control thin 3000
5
Thick
7570
360
Thin
6341
301
Control thick 3000
15
Control thin 3000
8
Thick
8117
376
Thin
19070
305
Control thick 3000
10
Control thin 3000
5
Thick
7601
394
Thin
5893
345

Straight

Nonstraight

Punctures

7
1
81
14
4
1
78
72
7
3
71
44
4
2
79
80

13
7
117
43
6
3
130
195
8
5
238
180
5
3
214
222

0
0
22
7
0
0
100
26
0
0
65
69
0
0
98
39

Girdle
band
cracks
0
1
1
0
0
1
52
8
0
0
2
12
1
0
3
4

Figure 2.5. Relative frequency of breaking patterns in both cell types. Straight fractures,
non-straight fractures, and punctures were not different between cell types but were
different within types. Capital letters above the bars designate which categories were
significantly different from each other within a cell type. All significant differences, p <
0.05.
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2.5 Discussion

2.5.1 Increased silicification does not improve mechanical defense against grazing
The silica content (i.e. degree of silicification) in diatom shells and copepod
grazing rates were similar in magnitude to previous studies (Pančić et al. 2019, Xu et al.
2021). bSiO2 content in thick shells was 1.1-1.4 times higher than thin shells across all
four experiments. There was little difference in silicification between thick and thin shells
in Exp 1 which makes it difficult to compare grazing rates or fracture patterns between
cell types. However, these were the least silicified among all experiments, cells had 2-3
times less silica, and yet grazing rates and the frequency of fracture patterns were similar
to Exp 2, 3, and 4. Although Exp 1 adds variability to our analysis the results still suggest
that increased silicification did little to impede copepod grazing. Overall, the range of
silicification in this study is similar to the relative increases measured in new frustule area
development and silicification made on natural diatom assemblages (McNair et al. 2018).
Specifically, many of the taxa increased frustule area and silicification 1-2 times more in
treatment bottles when relieved of kinetic limitation by low dissolved silicate. These data
corroborate that the difference in silica content between cultured diatoms in this study is
typical of the range measured for several taxa (including Thalassiosira) in the field.
Given recent reports supporting that the diatom frustule is a defensive trait against
copepod grazing (Pančić et al. 2019; Grønning & Kiørboe 2020; Xu et al. 2021), thicker
shells were expected to be grazed at a slower rate due to extra handling time or work
needed to break the shell, and in turn fewer thick shells would be damaged. Contrary to
our hypotheses, grazing rates and the percent of damaged cells were similar for both cell
36

types and suggests increased silicification did not hinder A. tonsa in breaking the diatom
shells because the amount of force exerted by A. tonsa is excessive for both thick and thin
frustules. Grazing rates in this experiment are in the lower range of values measured
previously for the same species of copepod (200-5000 cells copepod-1 hr-1; Cowles et al.
1988, Marquez & Krause in review) and did not differ more than a factor of two among
experiments in this study. To our knowledge, this is the first instance of documenting the
percent of diatom cells damaged during feeding and the distribution of fracture patterns
on those shells.
For this model system, Marquez & Krause (in review), recently demonstrated that
recent feeding history was more important in selection. Copepods in this study were
acclimated to the same diet of I. galbana prior to the start of the experiments; thus, both
diatom types would have been novel when introduced and such a dynamic should not
have affected the results presented here. Given the lower grazing rates relative to the
literature, if there were an effect on grazing, then it could manifest at higher (i.e. faster)
grazing rates where minor differences in handling time may be resolvable if compounded
among more particles. This may be an area for future study. Given the similarity with
data reported by McNair et al. (2018), our results suggest the range of silicification that a
diatom species similar in size to T. rotula can experience in the field may not be
sufficient to deter grazing by A. tonsa or similarly sized species.
2.5.2 Copepod tooth morphology and material
The relative orientation of the diatom shell to the gnathobases and the teeth may
affect the type of damage pattern the shell incurs. Fractured shells (i.e. straight and nonstraight) with sharp edges and smooth fracture patterns were primarily observed on
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diatom shells and indicative of brittle failure, as noted in previous studies (Hamm et al.
2003, Wilken et al. 2011, Aitken et al. 2016). Fractures and punctures were ~85% and
15%, respectively, of the observed damaged patterns in this study (Figure 2.6), and the
high frequency of fractures suggests that stresses are distributed across the entire shell
structure as opposed to localized failure at the site of the applied load. In consideration
with the copepod teeth, this may indicate that A. tonsa crushes the majority of T. rotula
cells with the smaller central teeth as opposed to the large ventral teeth because more
contact points (e.g. central teeth) distribute stress when a load is applied.
Additionally, we see similarities in the damaged cells in our study with those
documented in Friedrichs et al. (2013) despite differences in the species of diatom and
copepods used (Figure 2.4). Our model consisted of one diatom and grazer pair, whereas
the other authors used three copepod and three diatom species for a total of nine pairs. In
that study, the diatoms were larger than T. rotula (used here) but had similar centric
morphologies; the copepods used were similar in size to A. tonsa (750-1500 µm), but
each species had a distinct gnathobase morphology. There is a four-fold variability in the
gnathobase lengths amongst all four copepods (50 – 200 µm) in addition to the
morphology and number of teeth. The teeth of A. tonsa appear to be more pointed and
compact (Figure 2.3b) than those of the other three copepods which are more rounded
and protrude farther from the gnathobases. Between both studies there are a combined 10
diatom-grazer pairs and from those we classified three general fracture patterns on
damaged diatom shells. The low variability in fracture patterns is surprising considering
the different possible orientations and contact points for each diatom-grazer pair.
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Direct evidence of damaged Pleurosigma sp. (large pennate diatom) shells after
being fed on by the foraminifera Haynesina germanica suggests they use their tooth-like
tubercles, which appear to be cylindrical in shape, to fracture the shells and access the
intracellular content (Austin et al. 2005). The examples of damaged cells provided by
Austin and colleagues show both straight and non-straight fractures with sharp angles,
however, Pleurosigma cells are less fragmented than T. rotula in our study. This may be
due to different shell morphology, Pleurosigma sp. has a sigmoidal shape, ~40 µm at its
maximum width and a length between 80-100 µm. Overall, the mechanical damage to
diatom frustules by copepods and foraminifera appear to be similar despite differences in
both the feeding apparatus and general diatom morphology (centric vs pennate), likely
because the force applied by the grazers is excessive to cause failure.
2.5.3 Interpretation of fracture patterns: tensile prestress in the diatom frustule
The fracture patterns observed suggest the presence of tensile prestress in the
diatom shell. Specifically, most shells with straight fractures had either one or both
valves mostly intact, and the crack remained open after failure, a hallmark of the presence
of tensile prestress in a structure. If there were no prestress or compressive prestress, the
structure would join again and return to its original shape, or parts of the structure would
overlap. The presence of prestress in human cells has been a topic of discussion in
medical biology literature for the last three decades and recently there has been more
insight into the role of mechanical forces in diseases and cell function (Chowdhury et al.
2021). One such finding is that cells behave as stress-supported structures and that
organic filamentous components like actin and microtubules are responsible for the
tensile prestress (Wang et al. 2002). For example, in human airway smooth muscle
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(HASM) cells microtubules bear compression and are responsible for a significant
portion of the cytoskeletal prestress that determines cell shape stability (Stanmenović et
al. 2002). There is a strong association between stiffness and the level of tensile prestress
within the cytoskeleton in HASM cells, as prestress increases the resistance to change of
shape increases proportionally (Wang et al. 2002). Prestress is beneficial for HASM cells
as it helps balance the continual cyclical contractile stresses these cells experience.
However, prestress includes an underlying level of stress in the structure and, as in the
case of our model system, tensile prestress makes the brittle biosilica material more
susceptible to failure and therefore copepod consumption.
The presence of prestress in the diatom shell appears to have a cost of increased
susceptibility to brittle failure but it may also benefit the integrity of the diatom shell.
Seawater is a slightly basic (i.e. pH > 7) solution where concentrations of dissolved silica
are orders of magnitude below saturation, this condition is thermodynamically favorable
for the shell to dissolve in solution (Hurd 1973). If the shell is not properly coated with an
organic barrier (from the seawater), small imperfections on the shell surface may occur
due to physicochemical dissolution; these imperfections may then be areas of
concentrated stress under applied load that leads to complete failure. We suggest tensile
prestress may help to counteract the thermodynamic potential of the shell to dissolve in
an undersaturated seawater medium. The environment in which a diatom lives is
constantly promoting shell dissolution, this stressor may have selected for organiccoating induced prestress in the diatom shell, to maintain the cell structure, but at the cost
of increased susceptibility to brittle failure.
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In diatom cell walls, actin microfilaments are closely associated with the silica
deposition vesicle during Si polymerization and may act as a template for Si deposition
during polymerization (Tesson & Hildebrand 2010). Other organic components that are
tightly bound or embedded within the silica include the protein groups like pleuralins,
silaffins, and long-chain polyamines (Kroger et al. 1994, 1997, 1999, 2000); silaffins and
polyamines are involved in silica biogenesis (Sumper & Kroger 2004). We hypothesize
that these organic matter components may incorporate prestress in the diatom shell and
suggest this be tested in future studies. Silica forms covalent and ionic bonds, as such, at
the molecular level, the silica deposition process likely involves stretching of the atomic
bonds. At the level of the shell, this molecular level stretch is hypothesized to induce
intrinsic stress (i.e. prestress). Additionally, the quantity and proportion of different
proteins present may affect the amount of prestress imparted on the shell. We did not
measure the protein components or prestress of the diatom shell and therefore cannot
determine if there is a difference in the amount of prestress based on this factor. Prestress
imparted by microtubules in human cells has been measured using traction force
microscopy (Wang et al. 2002) and a similar technique may be useful in measuring
prestress of actin filaments during the formation of the diatom shell. Further
investigation is warranted to understand how mechanical forces are affected by organic
compounds in diatom shells.
Crack length and gap widths can be used to qualitatively compare the amount of
energy released in a structure during failure. The length of the crack indicates the amount
of energy released (Griffith 1920); a longer crack indicates more energy released which
can be internal energy stored in the system (e.g. prestress) plus the energy applied
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externally by the copepod (e.g. bite force). The straight fractures in our study are
indicative of a rapid release of potential energy whereas curved cracks suggest warping
and redistribution of stresses and the existence of mechanically weaker spots aligned
along the curve. Due to the longer crack length in curved fractures, it is likely that a
higher amount of energy is released relative to shorter crack lengths. Similarly, larger
crack widths indicate more energy release relative to smaller crack openings. Prestress
adds potential energy to a structure that can be released if the crack propagates and
relaxes the stress in the structure and may contribute to crack length or width at the
opening. Similar potential energy release is a driving force for crack propagation in
solids.
2.5.4 Ecological implications of copepod-diatom interactions
Our data do not support the idea that diatom shells impart greater defense against
copepod grazing with increased silica content; grazing rates on thick and thin shells were
effectively the same in each experiment (p > 0.55 in Exp 1, 2, 4). A significant difference
was only found in Exp 3 because there was higher than predicted diatom growth in the
control bottles which prevented calculating grazing rates. Although other studies have
measured significantly higher grazing rates on diatoms with thin shells (Liu et al. 2016),
the magnitude in difference of Si per cell (~3x) is higher than what is typically measured
in natural assemblages which transition from nutrient-replete to nutrient-deplete during
an upwelling and offshore advection sequence (McNair et al. 2018). In most of the
oligotrophic open ocean, by far the dominant habitat volume for diatoms in the ocean,
dissolved silica concentrations are persistently low, leading to chronic kinetic limitation
of dissolved silica uptake (Brzezinski & Nelson 1996, Brzezinski et al. 1998, Brzezinski
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et al. 2008, Krause et al. 2010, 2012), which leads to a reduction in diatom silica per cell
(McNair et al. 2018). It is less likely that diatom silica per cell can change to the same
degree as observed by McNair et al. (2018), i.e. in an upwelling system, suggesting that
in most of the ocean where dissolved silica limits diatom bSiO2 production rates, the
frustule would likely be thin and brittle. Even in coastal regions where concentrations of
dissolved silica are generally high and diatoms are less limited in making thicker shells,
the additional silica content may not significantly impede copepod grazing.
While our data suggest that diatom shells are not effective grazing deterrents
against adult copepods for this model system, there could be an effect on nauplii and
some small adult species which possess teeth too small to damage diatom shells. Nauplii
are not fully developed and therefore may not possess the musculature to exert enough
force or the hardened teeth necessary to break thicker shells. Temora longicornis nauplii
consumed diatoms with higher silica content at much lower rates than cells with lower
silica content (Pančić et al. 2019). The ability to crush shells not only depends on the
morphology and material composition of gnathobases but also the dimensions of
copepods relative to their food (Michels & Gorb 2015). Inaccessibility of diatoms to
copepods is likely due to a combination of size and shell strength, for example, a cell may
be too large to fit between a copepod’s jaws or the copepod may not have enough
leverage to apply the necessary force to break the shell. A compact and stable shell
morphology like that of Fragilariopsis kerguelensis may also provide an effective
defense against consumption (Hamm et al. 2003). The siliceous shell may help limit or
remove grazing loss during the naupliar life stage, but it is unclear if copepodite stages
are affected by the shell. Further investigation is needed to identify constraints on food
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accessibility within the life cycle of copepods, such as when armored prey become a
viable food source. In this model system we show that the accessibility of T. rotula
organic matter by A. tonsa is not limited by the presence of the shell.

2.6 Conclusions
Contrary to previous studies, our results suggest that increased silicification (i.e.
shell thickness) in T. rotula does not improve mechanical defense against grazing from A.
tonsa. There was no measurable difference in grazing rates or significant difference in the
percent of cells damaged during grazing between the cell types in our experiment. The
degree of silicification in this study is a representative increase in Si quota within a
diatom species observed in the field and is unlikely to facilitate greater protection from
grazing. Fractured shells are indicative of stress distribution across a surface and were the
most frequently observed damage pattern in this study. Punctures suggest localized
failure at the point of the applied load and were observed less frequently. These data
combined support the idea that A. tonsa primarily uses the smaller central teeth (e.g.
distributed stress) to break diatoms as opposed to the large ventral teeth (e.g. localized
and concentrated stress). Furthermore, the cracks of partially damaged shells (e.g. shell is
broken but still attached together) remained open which is a hallmark of tensile prestress
and is likely imparted by organic components of the shell. We propose that the tightly
associated proteins and the relative abundance in which they are found in the shell are
responsible for imparting prestress. The underlying tensile prestress makes the diatom
biosilica more susceptible to brittle failure but may help negate the tendency of the shell
to dissolve in seawater. Although diatom shells do not provide full protection against
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copepods, they may be most effective against nauplii grazing and smaller consumers
thereby making it an evolutionarily beneficial trait.
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CHAPTER III FOOD NOVELTY DICTATES GRAZING SELECTION OF
ACARTIA TONSA ON THALASSIOSIRA ROTULA

3.1 Abstract
Copepods provide an important link between primary producers and higher
trophic levels. Many species feed on diatoms and display selective feeding behavior,
targeting species with higher protein content and thinner shells. We designed this study to
determine whether protein content or shell thickness has a greater influence on copepod
selectivity of diatoms; interestingly, laboratory experiments demonstrated that rather than
protein content or shell thickness, food novelty was a better predictor of copepod
selection. Shell thickness and protein content for Thalassiosira rotula were manipulated
to generate cells with typically ~2.5 times more silica and more protein content when
normalized to cellular biovolume (thick-shelled) than control (thin-shelled) treatments.
The copepod Acartia tonsa was acclimated on either thin or thick-shelled diatoms prior to
the start of the grazing experiments, then fed blends of the two cell types mixed in
varying proportions. Absolute grazing rates were variable (73-8886 cells copepod-1 hr-1)
but copepods consistently targeted the newly introduced cells. Electivity index (E*) for
new food ranged from 0.02-0.33, suggesting active selection, and old food ranged from 1-0, suggesting active rejection. In 100% of treatments the new food item was
preferentially grazed regardless of relative abundance, suggesting the potential benefits
exceed the cost of searching for new food even when it is relatively rare. Highly selective
feeding behavior may facilitate access to a greater variety of prey and perhaps a more
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nutritionally complete diet. This feeding behavior may explain, in part, other behavior
like diel vertical migration and has implications for phytoplankton bloom dynamics.

3.2 Introduction
Among the metazoan zooplankton, copepods are the most abundant group in
productive systems and are crucial links to higher trophic levels. Plankton tows have
shown that copepods can represent 70-99% of zooplankton in terms of numerical
abundance and 20-88% in terms of biomass (Thompson et al. 2013), with diversity
lowest at high latitudes and increasing towards the equator (Rombouts et al. 2009).
Additionally, copepods are also an important food source to many larval organisms and
planktivores (Sars 1903). Species have developed specialized mouth parts and teeth based
on diet, sharper teeth are found in carnivorous species while short compact teeth are
found in herbivores (Anraku and Omori 1963, Michels & Schnack-Schiel 2005).
For many years copepods have been known for highly selective feeding behavior
and show preference towards certain food items based on size, food concentration, and
quality. Calanus pacificus will feed on smaller particles in the range of 11-87 µm at a
faster rate than particles >87 µm to reach carbon satiation (Frost 1972). This behavior
suggests that the copepod could still become satiated in an environment with low cell
concentrations if the population is primarily composed of large cells. Preference based on
food quality has been assessed or inferred in multiple ways. The effect of feeding history
was tested with Acartia clausi and results demonstrate that A. clausi exhibits selective
behavior pre- and post-capture. Setal spacing can be altered to increase efficiency of
capturing food (e.g. diatoms) versus non-food particles (e.g. inert latex spheres), and they
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display post-capture rejection of non-food particles of similar size to the desired food
item (Donaghay & Small 1979). However, it is unclear if the selection is based on
mechanical or organic cues; the shells and spheres have different shapes and material
properties, and the sphere lacks a phytoplankton organic coating. The copepod Eucalanus
pileatus showed preferences among similarly sized particles for live phytoplankton cells
> dead phytoplankton cells > fecal pellets > polystyrene spheres (Paffenhöfer & Van Sant
1985). It is hypothesized that long and short-range chemoreception is involved during
feeding and copepods may discriminate based on cues from chemical digestion or
degradation. Additionally, Acartia tonsa has been shown to ingest faster-growing cells at
higher rates than slower-growing cells of T. weissflogii, even when faster-growing cells
were mixed in different proportions, which has been suggested as a behavior that helps
maximize ingestion of proteins (Cowles et al. 1988, Kiørboe 1989). The volume of
particles ingested and nitrogen ingestion rates were significantly higher for nitrogen
replete than depleted cells. The increased nitrogen ingestion likely translates to more
ingested protein and these data suggest copepods, as a group, are highly selective feeders
that use chemical cues to ingest or reject captured particles.
Copepods have a varied diet, ranging from carnivores, omnivores, and herbivores
that graze on diatoms and other phytoplankton (Paffenhøffer & Knowles 1980). Many
species exhibit selective feeding behavior based on mechanical and chemical sensing;
this is particularly important with one of their primary food sources, diatoms. Copepods
must be selective with diatoms because of potential detrimental effects on their
reproductive success, negative impacts of having a diet primarily composed of diatoms
have been measured on egg production and hatching success (Chaudron et al. 1996, Ban
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et al. 1997, Miralto et al. 1999), malformations or inhibited development of nauplii
(Vargas et al. 2006, Brugnano et al. 2016) and upregulation of stress-related genes in
areas with high diatom abundance (Lauritano et al. 2016). Diatoms are ubiquitous in
marine systems but highly variable in abundance; areas of high biomass include
continental coasts, high-latitude environments, and other turbulent and nutrient-rich
systems (Armbrust 2009). During blooms, diatoms may be an unavoidable food source
even though copepods may prefer to consume microzooplankton (Saage et al. 2009,
Campbell et al. 2016). In an environment in which dilute chemical cues may linger,
chemical sensing may be the primary mode of selectivity for food. However, diatoms are
unique because they also possess a shell made of amorphous silica (i.e. glass) which
serves as a mechanical barrier, and mechanical sensing may be used to select between
cells. A recent study reported that diatom biosilica has a strength-to-density ratio of 1702
kN m kg-1, making it the strongest known biomaterial (Aitken et al. 2016). The
combination of material strength with the structurally sound geometry of diatom shells
suggests that this feature is used as a defensive trait; however, this is a topic of active
debate (e.g. Behrenfeld et al. 2021).
Evidence exists to support the notion that an important role of the diatom frustule
is to serve as a defensive trait against grazing by copepods, i.e., a mechanical barrier to
accessing intracellular organic matter (Smetacek 1999, Hamm & Smetacek 2007). For
example, the diatom Thalassiosira weissflogii could be induced to increase its shell
thickness when exposed to media which previously had the copepod Calanus
helgolandicus feeding on diatoms (Pondaven et al. 2007). Copepods alone did not induce
an increase in silicification, indicating that the key to inducing this response lies in the
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organic compounds released during grazing, e.g. ingestion, digestion, and defecation, as
well as potential stress cues from the algae. The effectiveness of a diatom shell as a
grazing defense has been tested by measuring grazing rates of three species of copepods
on monocultures of three diatom species with differing shell strength (Friedrichs et al.
2013). Actinoptychus senarius possessed the most crush-resistant and geometrically
complex shell and was consumed at lower rates by each copepod species compared to
smaller diatoms (Thalassiosira punctigera) and those of similar size (Coscinodiscus
wailessii) that both had simple geometries. Recently, an extensive study was conducted
using seven species of diatoms, ranging from 6-13 µm (estimated spherical diameter,
ESD), to test the hypothesis that the diatom shell serves as protection against grazing by
copepods but that having a thicker shell comes at the cost of reduced growth rate (Pančić
et al. 2019). Silica content scaled negatively with growth and varied six-fold within and
among diatom species which resulted in a four-fold decrease in grazing by adult Temora
longicornis on diatoms with higher silica content. Nauplii were more sensitive to
increased silicification, less than a three-fold increase in shell thickness resulted in nonmeasurable grazing rates. Induced shell thickening was reported for seven diatoms
exposed to copepodamides (e.g. polar lipids from copepod extract) for 2-11 days
depending on the type of experiment (Grønning & Kiørboe 2020).
Furthermore, data suggest that copepods can select food particles based on
mechanical cues, specifically the thickness of diatom shells. Preference for diatoms with
thin shells over thick shells has been demonstrated in Parvocalanus crassirostris which
preferentially grazed T. weissflogii with thin shells at a rate 2-3 times higher than shells
that were three times thicker (Liu et al. 2016). In another study, monoculture treatments
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of thick or thin shelled diatoms were fed to copepods and thin shells were grazed at a
faster rate at both high and low cell concentrations (Liu & Wu 2016). Although the
objective of that study was to measure the effects of silica content on fecal pellet
production, decomposition, and sinking rate, the data suggest the thicker shells imparted
some defense or impedance to copepod feeding, grazing rate (cells individual-1 day-1) and
clearance rate (mL individual-1 day-1) were higher for thin shells than thick shells.
Copepods have also been demonstrated to target numerically rare food items in
laboratory and field experiments. Using the electivity index Ei* (Vanderploeg & Scavia
1979a,b) Calanus pacificus has been documented to preferentially graze
microzooplankton even when diatom biomass far surpassed that of the microzooplankton
(Leising et al. 2005). Olson et al. (2006) found that the dominant prey biomass
contributors (e.g. Thalassiosira, Ceratium spp., Prorocentrum spp.) in natural
phytoplankton assemblages were cleared at lower rates relative to other prey types. In
fact, even though microzooplankton only contributed 4% of the total available prey
carbon, they were cleared at rates 8x higher. A similar phenomenon was documented in
the eastern Bering Sea by Campbell et al. (2016) during spring diatom bloom conditions
(described by Baumann et al. 2014). Prey preference was determined using the electivity
index D proposed by Jacobs (1974) which is a function of the proportion of a prey type in
the prey field and the proportion of that same prey in the diet of the consumer. In bloom
conditions where microzooplankton were often < 10% of the total prey field biomass they
were preferentially grazed by the copepods Calanus spp., Pseudocalanus spp., and
Metridia pacifica. Phytoplankton essential fatty acid composition varies taxonomically,
and copepods with a varied diet may be more likely to access fatty acids that are
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exclusively produced by specific algal groups (Volkman et al. 1989, Broglio et al. 2003).
It has been demonstrated that copepods fed prey items with higher fatty acid content had
improved egg production and hatching success (Jónasdóttir & Kiorboe 1996, Amin et al.
2011). In a review on copepod diet, Kleppel (1993) stated that a varied diet is likely
essential in achieving a nutritionally complete meal and improving secondary production,
a useful strategy in an environment where food availability and nutritional quality are
variable.
Several species of copepods exhibit selective behavior when feeding on diatoms
based on protein content and shell thickness, however, it is unclear which exerts a greater
influence on the outcome. In our study we used a two-species model to test whether shell
thickness or organic matter content (OM) was more important in selecting which diatoms
to consume. We hypothesize that if the degree of silicification of a diatom shell (i.e. shell
thickness, mechanical cue) is the primary selective variable for copepods, then diatoms
with thinner shells will be preferentially grazed by copepods. However, if copepods
primarily rely on chemical cues from organic matter, represented in this study by protein
and particulate organic carbon and nitrogen (POC; PON), then cells with higher cellular
OM content will be preferentially consumed. A valid alternate hypothesis is that
copepods consume cells based on variety or novelty and therefore will target cells which
are new relative to their feeding history.

3.3 Materials and methods
We can construct a spectrum of diatom food quality that copepods may encounter
in the field using diatom silica and protein content as our framework (Figure 3.1). Cells
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in Quadrant 1 are characterized by high protein content and a thin shell (i.e. weaker) and
cells in Quadrant 4 have low protein content and a thicker shell (i.e. stronger), these
represent the ideal and worst diatom options for copepods, respectively. Diatoms in
Quadrant 2 and Quadrant 3 have one trait that is preferred by copepods and another that
is less desirable. In Q2, diatoms have high protein content but also have a thick shell, and
in Q3 diatoms have a thin shell but low nutritional value. Comparing cells in Q2 and Q3
provides the opportunity to test whether copepods select diatoms based on silica or
protein content.

Figure 3.1. Spectrum of diatom food quality based on biogenic silica (bSiO2) and protein
content normalized to cell biovolume. bSiO2 content is a proxy for shell thickness (i.e.
mechanical barrier), represented by line thickness; protein content is a proxy for
nutritional quality, represented by the shade of green. Quadrant 1 is the ideal food type,
high protein and a thin shell; Quadrant 4 is the least ideal option, low protein and a thick
shell. Quadrant 2 and 3 have one preferred trait and one undesirable trait; Q2 – high
protein and thick shell, Q3 – low protein and thin shell. Italicized text is used to denote
which characteristic(s) are preferred by copepods when selecting diatoms for
consumption.
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3.3.1 Experimental design
Our grazing model system consisted of the copepod Acartia tonsa, which fed on a
blend of two conditions of the diatom Thalassiosira rotula. Diatoms either had thick
shells and high organic matter content (Q2) or thin shells and low organic matter content
(Q3). Copepods were acclimated to one cell type prior to the start of the experiment,
starved, and then fed multiple blends of both diatom types to test copepod food
selectivity on the premises of shell thickness, organic matter content, and feeding history.
Although this study may be limited in scope due to a single grazer-prey model, it is
bolstered by the experimental design. Grazing studies are notoriously variable and
therefore it is difficult to determine trends in selective behavior. For this reason, we
created a spectrum of food treatments to encompass varying food abundances and test the
degree to which copepods will select for a food item.
Six experiments were conducted in total, four primary experiments (Thick1,2;
Thin3,4) and two pilot experiments (Pilot1,2). In primary experiments, each individual
feeding selection experiment had seven treatments of diatom food blends, each having
quadruplicate replication (28 bottles total per experiment). Monoculture control
treatments without copepods, i.e. 100% thick shell (0% thin shell) and 0% thick shell
(100% thin shell) denoted as 100-Ctr and 0-Ctr, respectively, were used for each diatom
type (i.e. two of seven treatments) to account for growth during the experiment (Figure
1). Copepods were added in the other five treatments (defined by the percent thick shell
diatoms available, i.e. 100%, 75%, 50%, 25%, 0%) to determine grazing preference
between diatom types (Figure 3.1). The diatom food blends consisted of a 75% thick shell
and a 25% thin shell blend (75), 50% blend of thin and thick shells (50), and a 25% thick
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shell and 75% thin shell blend (25) (Figure 3.1). Thus, for each cell type there was a
condition for 100%, 75%, 50%, 25%, and 0% of the total cell abundance. For brevity,
hereafter, the treatments will always be referred to in terms of the percent abundance of
thick-shell diatoms (e.g. 75% thick treatment = 75% thick : 25% thin).
The experimental design for the pilot experiments was more streamlined relative
to the primary experiments. For these experiments, the 75% and 25% thick treatments
were omitted and therefore there were a total of five treatments instead of seven.
Triplicate bottle replication was used in Pilot1 and quadruplicate replication in Pilot2.
Sample collection was conducted as in primary experiments, cell counts and biogenic
silica (bSiO2) were collected in both experiments, but protein was only collected for
Pilot2 and cell biovolume was not measured. Lastly, copepods were acclimated to a
50:50 blend of thick and thin shells and then starved for 24 hours prior to the start of
Pilot1. In Pilot2 copepods were acclimated to thick shells but were not starved prior to
the start of the experiment.
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Figure 3.2. Experimental design for four primary grazing experiments. Boxes represent
treatments conducted in quadruplicate replication and colors denote Thalassiosira rotula
grown under low (40 µE; blue) or high (400 µE; green) light. Cells grown in low light
had higher biogenic silica and organic matter than cells grown in high light conditions.
Low and high light grown cells are referred to as thick or thin shells, respectively, in the
manuscript. Ratios represent the proportion of cell abundance in each treatment (e.g.
thick:thin), numbers in parentheses represent the percent abundance of thick shells and
are used to reference treatments throughout the manuscript. Grazing rates on thick and
thin shells were compared within bottles (solid lines) and when cells were abundant in the
same proportions (dashed lines).

3.3.2 Analysis framework
Four primary food selection grazing experiments were conducted for this study
using the experimental design described in Figure 3.1. Grazing rates were calculated
according to Frost (1972). Control bottles without copepods were used to estimate the
number of cells present if no grazing occurred. The difference between the predicted
number of cells and the cells quantified in the grazing treatments represents the number
of cells consumed. This value was then normalized to the number of individual copepods
and expressed per hour (i.e. cells consumed copepod-1 hr-1). Ingestion rates with negative
values are a result of the number of actual cells at the end of the experiment being greater
than the number of predicted cells. In these samples, grazing rates were unresolved and
therefore treated as an analytical zero for our analysis.
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A student’s t-test was used to compare the ingestion rates of copepods on diatoms
and assess copepod selectivity based on bSiO2 and organic matter content. Ingestion rates
were compared using two methods (diagramed in Figure 3.1) and the measurements from
20 individual bottles per primary experiment, 1) comparison of grazing rates on the prey
within the same treatment (i.e. same bottle) even if the prey were not equal (e.g. 75%
thick treatment) and 2) comparison of grazing rates when the prey was abundant in the
same proportions (e.g. between treatments). This is most relevant for 75% thick treatment
and 25% thick treatments, in these treatments the proportions of thick:thin are 3:1 and
1:3, respectively; thus, all things equal, if grazing is solely based on the rate of encounter,
the more abundant prey should be grazed by a factor of three higher than the less
abundant prey. These two comparisons are necessary because the first comparison
accounts for the disproportionate abundance in cell types and the second comparison
removes the bias of disproportionate prey abundance. The comparisons of grazing rates
of 100% v 0% and 50% v 50% are always the same. The 100% and 0% thick treatments
are always compared to one another, despite being in physically separate bottles, because
they represent similar conditions for each cell type (i.e. only one food option available).
Likewise, 50% thick treatment is the same regardless of the comparison because the cells
are blended in equal proportions and present in the same bottle. Using this framework
there are four pairs of sub-experiments (i.e. grazing rate comparisons) within each
comparison method, 1) 100%:0%, 75%:25%, 50%:50%, 25%:75% and 2) 100%:0%,
75%:75%, 50%:50%, 25%:25% (Figure 3.1).
Furthermore, we used the electivity index (E*) to measure the degree to which
certain food items are preferred. This metric was originally proposed by Ivlev (1961) for
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fisheries research and subsequent modifications were proposed by Vanderploeg & Scavia
(1979a,b) for copepod-phytoplankton grazing investigations. Other groups have applied
this metric to measure copepod selection on toxin-producing algae (Teegarden et al.
2001, Olson et al. 2006). The electivity index normalizes the clearance rate of a prey
relative to the sum of clearance rates for all other prey types. This is particularly helpful
when prey abundances are unequal (Lechowicz 1982), as is the case for our study which
leveraged blended food proportions in the experimental design. First, the selection
coefficient Wi for each food type i is calculated using Equation 3.1:
Wi = Fi / Fi

(Equation 3.1)

where Fi and Fi are the clearance rate for food type i and the sum of clearance rates for
all food types, respectively. Equation 3.2 is then used to calculate the electivity index Ei*
Ei* = [Wi – (1/n)] / [Wi + (1/n)]

(Equation 3.2)

which is a function of Wi (selection coefficient) and the number of prey items n available
for consumption. The values of electivity index range from -1 to 1, where negative values
indicate prey avoidance, positive values indicate prey preference, and neutral values
indicate that prey is ingested in the same proportion relative to its availability.
3.3.3 Diatom cultures and copepod rearing conditions
The diatom, T. rotula, was isolated from field water collected at the Dauphin
Island Sea Lab dock (Dauphin Island, Alabama, United States) and established as a
monoculture. Cultures were grown in semi-continuous batch with L1 media prepared as
described by (Anderson 2005). All seawater used for media preparation (prior to nutrient,
metal, and vitamin amendments) was originally collected from offshore surface waters
above the Mississippi Canyon (28.2668° N, -89.4760° E). Seawater was filtered using a
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0.2 µm Whatman Polycap capsule filter and autoclaved for sterility. Media was diluted
using deionized water to 30 ppt salinity and had a pH of 8.0 prior to adding diatoms. An
additional 200 µM Si, as sodium metasilicate, was added to the media to ensure cultures
would not be Si-limited for growth. Incubator conditions were programmed for a 12:12
light:dark cycle and 20°C. Two light intensities, 40 and 400 µE m-2 s-1, were used to
manipulate the Si content of the diatom shell. Cells grown in low light intensity tended to
have higher Si content (e.g. thicker shells) compared to cells grown in high light
intensity, which tend to divide faster and have thinner shells (Taylor 1985, Claquin et al.
2002). Hereafter, cells are referred to as thick or thin shells, which correspond to the 40
and 400 µE m-2 s-1 light conditions in which they were grown.
Newly precipitated diatom silica in thin-shell diatoms was visualized using the
fluorescent dye PDMPO (LysoSensor Yellow/Blue DND-160, Invitrogen by Thermo
Fisher Scientific) for cell counts. The PDMPO label enabled distinguishing the two cell
types (thin – labeled, thick – unlabeled) in a blended culture when visualizing diatoms
using an epifluorescent microscope (Olympus – Model BH2-RFL) with a mercury shortarc discharge lamp (Osram HBO 100W/2) and a DAPI filter cube. For example, a single
field of view under brightfield would allow for all diatoms (thick + thin) to be counted.
When the same field of view was illuminated with ultraviolet light (darkfield), only
labeled thin-shell diatoms would be visualized. Thereby the difference of the total (thick
+ thin) minus the thin-shelled diatoms (darkfield) yielded the thick-shell diatoms.
PDMPO was added to the media at a final concentration ~125-150 nM, as recommended
by previous studies which determined this concentration range provides consistent
labeling without decreasing growth rates (LeBlanc & Hutchins 2005, McNair et al.
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2015). Diatoms were grown for at least seven cell divisions to ensure nearly all (i.e.
>98%) cells would have fully labelled shells.
Adult copepods, Acartia tonsa, were obtained from the University of Southern
Mississippi Gulf Coast Research Laboratory’s Thad Cochran Marine Aquaculture Center.
Animals were reared at 30 ppt salinity, 25ºC, and fed a diet of the haptophyte, Isochrysis
galbana prior to acquisition for acclimation and experimentation. Individuals were
acquired in the days prior to each experiment and acclimated at the same temperature and
light as the diatom clones. During acclimation, they were fed either thick or thin diatoms,
prior to a pre-experiment starvation period (described below).
3.3.4 Sampling procedure and processing
For each primary experiment, copepods were collected from the aquaculture
center, transported to the Dauphin Island Sea Lab (distance ~100 km), and acclimated to
a food source of ~5000 cells mL-1 T. rotula at 20ºC for 72 hours. During Thick1 and
Thick2, copepods were acclimated with thick-shelled diatoms, and thin-shelled diatoms
were used for acclimation in Thin3 and Thin4. Following the 72-hour acclimation,
copepods were starved for the 24 hours prior to the beginning of the feeding experiments
with blended diatom types (i.e. specific treatments) to ensure copepods were hungry and
would feed when presented food. In pilot experiments, we were unable to measure
grazing rates in bottles where copepods were fed instead of being starved during the prior
24 hours, consistent with previous demonstrations that starved copepods will have higher
ingestion rates than fed copepods (Runge 1980). Algal food blends were mixed on the
start day of the experiment and cultures were diluted with sterile L1 media to maintain
cell densities at ~5000 cells mL-1. Polycarbonate bottles (250 mL) were filled to the brim
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with culture mixtures to minimize air bubbles (i.e. total volume ~270 mL). The 12-hr
grazing experiment began once 12-15 copepods were added to each 250 mL bottle for the
treatments described below. All grazing incubations were performed during the dark
period corresponding to the light:dark photoperiod for diatom cultures.
Initial and final samples of cells counts, protein, particulate organic carbon and
nitrogen (POC, PON) were collected from each individual bottle. For cell counts and cell
morphometrics 10 mL was subsampled into a 15 mL polypropylene tube, preserved with
0.4 mL of Bouin’s solution, and stored at 4ºC. Duplicate 5 mL pseudo-replicate samples
per bottle were filtered using a 5-µm pore polycarbonate filter for bSiO2 measurements
and were kept frozen until analysis. Triplicate 10 mL pseudo-replicate samples per bottle
were filtered on glass fiber filters for quantification of bulk protein and particulate
organic carbon and nitrogen (POC, PON). Protein samples were stored in 2 mL microcentrifuge tubes, and pre-combusted aluminum foil packets were used to store POC and
PON samples; both sample types were stored at -80ºC until analysis. Glass fiber filters
(approximately ~0.6 µm) were combusted at 500ºC for five hours to remove potential
organic residues and minimize contamination in bulk protein, POC, and PON
measurements.
Cell counts were quantified to calculate grazing rates by subsampling 1 mL and
placing into a Sedgewick rafter slide using the brightfield and darkfield/fluorescence
approach described above. Cells settled for a minimum of 30 minutes prior to counting
and a minimum of 400 total cells were counted for each sample. Cell morphometrics,
such as estimated spherical diameter (ESD) and biovolume, were obtained using a VS
Series benchtop FlowCam (Yokogawa Fluid Imaging Technologies; Scarborough, ME)
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as described previously (Lomas et al. 2019, Krause & Lomas 2020). Sample analysis was
done using ‘autoimage’ mode (as opposed to fluorescent or laser scatter triggers) with a
10x objective, a 100 µm by 2 mm flow cell, and a flow rate of 0.4 mL min-1.
Particulate analyses for silicon, carbon, and nitrogen were conducted using
established methods. bSiO2 was quantified using a 0.2 M sodium hydroxide digestion
procedure as in Paasche (1973). Sample filters for POC and PON were fumed with stock
HCL for 48 hours in a desiccator, re-dried at 65ºC, and then analyzed on a Costech CNS
4010 elemental analyzer using an atropine (70.56% C, 4.84% N) standard (Costech
Analytical Technologies, Inc.). Bulk protein analysis used a modified micro-scale protein
extraction method described by Nguyen & Harvey (1994). Bovine serum albumin (BSA)
is often used as a standard for protein measurements, however, we used D-Ribulose 1,5bisphosphate sodium salt hydrate (RuDPCase, Sigma-Aldrich). RuDPCase was chosen
over BSA because it is a plant-derived protein which more closely resembles the protein
measured in diatoms, compared to the animal-derived BSA (Nguyen & Harvey 1994). A
MicroBCA Protein Assay kit (Thermo Fisher Scientific) was used for protein analysis.
RuDPCase standard curves were compared against BSA standard curves and agreed
within 5%; therefore, we proceeded with RuDPCase for use in quantifying protein quotas
in diatom cultures. Samples were removed from the freezer and dried at 60ºC for 30
minutes. After drying, 500 µL of 3.6 mM sodium deoxycholate was added to the sample
tubes and centrifuged for 2 minutes at 3824 rcf using an Eppendorf 5804 centrifuge.
Samples were placed at 4ºC (dark) and incubated for 15 minutes. A Sonic 300
Dismembrator (Artek Systems Corp.) was used to homogenize material inside the microcentrifuge tube. The sonicator was operated at 30% power and pulsed for 5 seconds
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on/off for a total of 45 seconds of sonication (1.5 minutes total time). Samples were kept
on ice and covered with a black plastic bag to minimize light exposure and temperature to
reduce protein degradation throughout the process. After homogenization, 1 mL of
deionized water (18 MΩ resistivity) was added to the micro-centrifuge tubes and
centrifuged for 20 minutes at 3824 rcf. 1 mL of sample volume was aliquoted and placed
in a pre-combusted 7 mL glass tube with 1 mL of standard working reagent provided by
the assay kit. Glass tubes were covered with a sheet of pre-combusted aluminum foil and
incubated in a 60ºC water bath for one hour. Samples were immediately removed and
cooled for 1 minute in an ice bath prior to reading the absorbance at 562 nm on a
spectrophotometer (Thermo Fisher Scientific Genesys 10S UV-Vis).
We normalized cellular metabolic contents (e.g. bSiO2 and protein) to cumulative
cellular biovolume which accounts for cell abundance. Protein and bSiO2 bulk
measurements were in µg L-1 and µmol L-1, respectively. The following example
calculation (Equation 3.3) for normalization is for µmol (bSiO2), however, the same
process is used for data in µg (protein):
(µmol bSiO2 L-1) x (µm3 cell-1)-1 x (cells L-1)-1 x (109 fmol Si µmol Si-1) = fmol Si µm-3
(Equation 3.3)

3.4 Results

3.4.1 Cellular morphometrics and contents
The cellular characteristics of T. rotula cells were similar in both growth
conditions. Growth rates ranged from 0.11-0.41 d-1 for both diatom types in all four
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primary experiments; cells grown in high-light conditions (resulting in thin shells) always
grew faster, but only in the last experiment was this difference > 0.1 d-1 (Table 3.1). Cell
diameter ranged between 23.8-28.7 µm among the four experiments. In Thick1, the
average diameter for thick diatoms was 25.1 µm and 27.1 µm for thin diatoms. In Thick2,
the diameter of thin-shelled diatoms was two microns less than thick-shelled diatoms,
26.5 µm and 28.7 µm, respectively (Table 3.1). Diatoms with thin shells were smaller
than diatoms with thick shells in Thin3 and Thin4, but the difference in size was less than
what was observed in Thick1 and Thick2. Thick diatoms were 25.4 µm and 24.6 µm in
Thin3 and Thin4, respectively, and in the same experiments thin diatoms were 24.6 µm
and 23.8 µm, respectively (Table 3.1).
Among primary experiments, diatoms with thick shells had higher bSiO2, protein,
POC, and PON than thin-shelled diatoms. Thick diatoms had 1.3-1.8 and 1.0-3.8 times
more bSiO2 than thin cells based on bulk measurements (µmol L-1) and bSiO2 normalized
to the cellular biovolume (fmol µm-3), in that order. In Thick1, thick shells had 3.82 times
more bSiO2 than thin shells; absolute bSiO2 values in Thick2 were similar to Thick1 and
biovolume normalized bSiO2 was 2.6 times higher in thick shells relative to thin shells
(Table 3.1; Figure 3.3). For Thin3, bulk measurements in thick shells were 25.3 µmol Si
L-1 and 20.2 µmol Si L-1 for thin shells but biovolume normalized bSiO2 measurements
were nearly identical between both cell types (Table 3.1). In Thin4, bulk bSiO2 in thick
shells was 1.4 times higher than thin shells, and biovolume normalized bSiO2 was 2.6
times higher in thick than thin shells (Table 3.1; Figure 3.3). Diatoms in the pilot
experiments had similar trends in bSiO2. In Pilot1 thick diatoms had 2.5 times more and
2.8 times more normalized bSiO2 per cell than thin diatoms (Table 3.2). The opposite was
64

true in Pilot2 where thick diatoms contained 1.5 times less bulk bSiO2 than thin diatoms
and 1.8 less bSiO2 per cell. Overall, the increase in silica content in thick diatoms was
1.2-3.8 times more silica thin diatoms.
Organic content for cells was evaluated based on bulk and biovolume normalized
measurements (as described for bSiO2) of POC, PON, and protein. Bulk POC in thick
shells was 1.42 and 1.05 times higher than thin shells in Thick1 and Thin3 (Table 3.1). In
Thick1, POC was 4.63 times higher in thick shells compared to thin shells based on
normalized differences (Table 3.1). Bulk PON in thick diatoms was slightly lower than
thin diatoms in Thick1 and Thin3. PON concentrations for thick diatoms were
statistically similar with those of thin diatoms (Table 3.1). Larger differences were seen
between cells when PON was normalized: Thick1 - thick diatoms had 12.7 fg µm-3
compared to 4.45 fg µm-3 in thin diatoms, and in Thin3 thick diatoms had 8.64 fg µm-3
versus 10.8 fg µm-3 in thin shells. Lastly, bulk and normalized POC and PON were
similar for both cell types in Thin4, but slightly lower in thick shells compared to thin
shells.
In all experiments (primary and pilot), protein content was higher in thick diatoms
than thin diatoms based on both the bulk and normalized data. Bulk protein content was
1.8, 1.6, 1.2, and 3 times greater in Thick1,2 and Thin3,4, respectively (Table 3.1).
Protein concentrations in Thick1 were 1.83 times higher for thick than thin shells and in
Thick2 thick cells had 1.6 times higher protein than thin cells. Protein concentrations
were the most similar in Thin3, thick diatoms had 0.10 µg mL-1 more protein than thin
diatoms. In Thin4, protein concentrations were 0.88 and 0.29 µg mL-1, in thick and thin
cells, respectively. Larger differences were observed between cell types when protein
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content was normalized to biovolume, thick cells had 2-4 times more protein content than
thin cells (Figure 3.3). Thin3 was the exception where protein content was similar
between cell types. In Pilot2 (no protein samples taken in Pilot1) thick diatoms had 3.2
times more bulk protein and 2.4 times more protein per cell than thin diatoms (Table 3.2).
Overall, thick diatoms had 1.2-3.8 times more protein per biovolume or per cell than thin
diatoms.
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Table 3.1. Diatom growth rates, morphometrics, and metabolic content between cell types among primary experiments. Values
presented as averages ± standard error. Growth rates were determined by single daily measurements prior to the start of the
experiment. Diameter, bSi, protein, POC, and PON are based on n = 4 replicates. For diameter, the number in parentheses
indicates the total number of cells counted, excluding the smallest and largest 5% of the observed cells, between the four replicate
samples using FlowCam. Ratios of metabolites (i.e. bSi, protein, POC, PON) are presented as thick:thin.
bSi
Experiment

Thick1

Cell type

Growth
rate (d-1)

Thick

0.38

Thin

0.39

Diameter
(µm)
25.1 ±
0.2
27.1 ±
0.07

Thick:thin

Thick2

Thick

0.11

Thin

0.17

25.6 ±
0.08
28.1 ±
0.04
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Thick:thin

Thin3

Thick

0.22

Thin

0.25

25.4 ±
0.2
24.6 ±
0.3

Thick:thin

Thin4

Thick

0.15

Thin

0.41

Thick:thin

24.6 ±
0.03
23.8 ±
0.08

Protein
Bulk (µg
per biovol
mL-1)
(fg µm-3)

Bulk (µg
L-1)

1.22 ± 0.1

0.79 ± 0.1

12.9 ± 1.8

9.82 ± 1.5

159.8 ± 33.8

0.82 ± 0.08

12.7 ± 1.3

58.3 ± 3.9

0.32 ± 0.03

0.43 ± 0.04

3.40 ± 0.7

6.9 ± 0.15

34.5 ± 2.8

0.85 ± 0.03

4.45 ± 0.4

1.28

3.82

1.84

3.78

1.42

4.63

0.96

2.85

78.4 ± 2.1

0.81 ± 0.05

1.47 ± 0.07

15.7 ± 0.6

nd

nd

nd

nd

44.0 ± 5.0

0.31 ± 0.05

0.90 ± 0.09

7.71 ± 0.5

5.80 ± 0.2

38.3 ± 3.0

0.63 ± 0.03

4.33 ± 0.3

1.78

2.60

1.64

2.03

nd

nd

nd

nd

25.3 ± 1.9

0.24 ± 0.03

0.60 ± 0.02

5.80 ± 0.7

42.7 ± 6.5

1.10 ± 0.05

8.64 ± 1.2

20.2 ± 3.6

0.27 ± 0.05

0.50 ± 0.06

4.81 ± 0.3

5.41 ± 0.4
5.17 ±
0.05

47.6 ± 5.5

1.18 ± 0.02

10.8 ± 1.1

1.25

0.89

1.19

1.20

1.05

0.90

0.93

0.80

84.1 ± 1.6

1.30 ± 0.1

0.88 ± 0.01

14.3 ± 1.6

4.34 ± 1.1

84.2 ± 34.6

0.49 ± 0.14

5.64 ± 0.3

59.8 ± 0.2

0.49 ± 0.04

0.29 ± 0.06

3.90 ± 0.9

4.47± 0.5

87.6 ± 5.1

0.50 ± 0.07

8.49 ± 1.4

1.41

2.64

3.00

3.67

0.97

0.98

0.66

Bulk
(µmol L-1)

per biovol
(fmol µm-3)

74.8 ± 7.9

POC
per biovol
(fg µm-3)

0.96

PON
Bulk (µg
per biovol
L-1)
(fg µm-3)

Table 3.2. Cell growth rates, bSiO2, and protein content for cell types, and copepod grazing rates in pilot experiments 1 and 2.
Values presented as averages ± standard error. Growth rates were determined by single daily measurements prior to the start of the
experiment. bSiO2 and protein are based on n = 2 and 3 replicates, respectively. Grazing rates are based on n = 3 and 4 in Pilot1
and Pilot2, respectively. Ratios of metabolites (i.e. bSi, protein) are presented as thick:thin.

bSi

68

Experiment
Pilot1

Pilot2

Cell type
Thick
Thin
Thick:thin
Thick
Thin
Thick:thin

Growth
rate (d-1) Bulk (µmol L-1)
0.48
75.0 ± 1.7
0.43
30.5 ± 10.1
2.46
0.24
15.8 ± 4.8
0.24
24.2 ± 0.2
0.65

pmol cell-1
10.2 ± 0.2
3.6 ± 1.0
2.83
4.6 ± 1.4
8.4 ± 0.1
0.55

Grazing rate (cells
Protein
copepod-1 hr-1)
Bulk (µg
Treatment
Treatment
mL-1)
pg cell-1
100
50
nd
nd 833 ± 550
353 ± 353
nd
nd 4279 ± 1211 1068 ± 608
nd
nd
0.50 ± 0.1 128.4 ± 21.1
0±0
20 ± 20
0.16 ± 0.0
52.7 ± 0.0 166 ± 128
264 ± 111
3.13
2.44

Figure 3.3. Relative differences in biovolume normalized silica and protein content
between thick and thin shells in each experiment.

3.4.2 Grazing rates and food preference
Copepods had higher grazing rates on thin diatoms in Thick1 and Thick2. In
Thick1, grazing rates for thin cells ranged from 553-1940 cells copepod-1 hr-1 and were
higher relative to thick cells (83-210 cells copepod-1 hr-1) in every treatment, including
when they were 25% of the cell abundance (Figure 3.4a). Among all treatments in
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Thick1, thin cells were preferentially grazed 3.3-23.4 times more than thick cells. Strong
selection was exhibited in 75% thick treatment where thin cells were 25% of the cell
abundance and were consumed at a rate 3.3 times higher than thick cells. On average,
absolute grazing rates were higher in Thick2 compared to Thick1; thick cells were grazed
at a rate of 841-2234 cells copepod-1 hr-1 and thin cells were consumed at a rate of 22348896 cells copepod-1 hr-1 (Figure 3.4b). In Thick2, 75% thick treatment was the only case
where thin cells were not preferentially consumed relative to abundance, instead thick
cells were consumed at a rate two times higher.
Thick cells were preferentially consumed in Thin3 and Thin4. Absolute grazing
rates ranged from 106-2231 cells copepod-1 hr-1 and 0-444 cells copepod-1 hr-1 for thick
and thin cells, respectively, in Thin3 (Figure 3.4c). In 75% thick treatment, no detectable
grazing on thin cells was measured and grazing rates were low and variable for thick
cells. In 25 % thick treatment, thick cells were less abundant than thin cells, yet grazing
rates were 2.2 times higher (953 cells copepod-1 hr-1 vs 448 cells copepod-1 hr-1; Figure
3.4c). Overall, copepods grazed on thick cells 2-6 times faster than thin cells during
Thin3. In Thin4, thick diatoms were always preferentially grazed compared to thin
diatoms (Figure 3.4d). Grazing rates on thick diatoms ranged from 448-1061 cells
copepod-1 hr-1 and 73-318 cells copepod-1 hr-1 for thin diatoms, and thick cells were
grazed 2.7-9 times more than thin cells (Figure 3.4d). In 25% thick treatment, thick cells
were preferentially grazed 2.8 times more than thin cells (448 cells copepod-1 hr-1,162
cells copepod-1 hr-1) although they were three times less abundant.
Copepods grazed on diatoms at similar rates in the pilot experiments (Table 3.4).
In Pilot1 thin diatoms were preferred in both the 50% and monoculture treatments. On
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average thin diatoms were grazed at 4279 cells copepod-1 hr-1 and 457 cells copepod-1 hr-1
in the 50% and monoculture treatment, respectively. In those same treatments thick
diatoms were consumed at 749 cells copepod-1 hr-1 and 249 cells copepod-1 hr-1. In Pilot2
there was no measurable grazing on thick diatoms in the monoculture treatment and low
grazing in the 50 treatment (20 cells copepod-1 hr-1). Thin diatoms were grazed at 166
cells copepod-1 hr-1 and 264 cells copepod-1 hr-1, in the single-food and mixed treatments,
respectively, and therefore thin diatoms were the preferred food.
Overall, neither bSiO2 nor protein content appeared to be robust predictors for
which cell would be selected; therefore, we evaluated food novelty. In total we had 52
individual bottles between Thick1, Thick2, and Pilot2 where copepods could choose
between two food options (i.e. 75%, 50%, and 25% thick treatments), in 38 of 52 bottles
(73%) copepods preferentially consumed the new cell type based on ratios of grazing
rates, thick:thin. There were an additional 40 bottles (Thick1, Thick2, Pilot2) where
copepods had only one food option, i.e. 100% thick and 0% thick treatments. Across all
20 grazing rate comparisons for the single-food treatments, the new cell was
preferentially consumed by copepods in 16 of 20 (80%) comparisons. Pilot1 is a unique
case because copepods were acclimated to both cell types in a 1:1 blend, meaning there
was no “new” food in this experiment and therefore is not included in the prior analysis.
In this case where “newness” was eliminated grazing rates were highest on thin diatoms
in both sub-experiments. While these comparisons point to food novelty (opposed to
bSiO2 or protein) as the guiding principle for copepod food preference, we must consider
whether such trends remain when examining all replicates among specific treatments.
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Grazing rates from 80 bottles, a combination of all bottles from the four primary
experiments, were used for the following analysis of treatments. When grazing rates
within treatment bottles were directly compared (e.g. 75% thick: 25% thin, solid lines
Figure 3.2), the new food item was preferentially grazed in 14 of 16 (87.5%)
experimental treatments (Figure 3.5a). This condition was not met in treatment 75% thick
treatment for Thick2 and Thin3. Copepods in 75% thick treatment during Thick2
preferentially grazed thick diatoms two times more than thin diatoms. In 75% treatment
during Thin3, there was no measurable grazing by copepods on thin cells and grazing
rates on thick cells were too low and variable to have confidence in comparing the two
rates (Figure 3.4), therefore no preference can be determined for this treatment.
Additionally, grazing rates were compared based on when cells were present in the same
proportional abundance (e.g. 75% thick: 75% thin, dashed lines Figure 3.1). In this case,
the new food item was actively selected by copepods in 15/16 (93.8%) treatments (Figure
3.5b). Thin cells were slightly preferred over thick cells when both were 75% of the
available food during Thin3. No grazing rate was measured for thin cells when they were
25% of the population in Thin3, therefore no ratio can be determined. However,
individual copepods grazed 953 thick cells hour-1 on average and therefore thick cells
were preferred relative to thin diatoms when both were a quarter of the cell abundance.
Lastly, electivity index was calculated for each treatment. Overall, among all
treatments in Thick1 and Thick2, Ei* was positive and ranged from 0.19-0.33 (average =
0.28) for new food, and values for old food items were negative and ranged from -0.83 to
-0.14 (average = -0.61). In experiments Thin3 and Thin4 Ei* ranged from 0.02-0.33 for
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new food items (average = 0.22) and -1-0.05 for old food items (average = -0.35; Figure
3.5).

Figure 3.4. Acartia tonsa grazing rates (cells consumed copepod-1 hr-1) on Thalassiosira
rotula per treatment for each experiment. Panels denote experiments, A) Thick1, B)
Thick2, C) Thin3, D) Thin4. Bars represent standard error of n = 4 replicates for each
treatment. Treatments are represented as ratios of thick : thin cell abundance within
bottles. 100 – 100% thick : 0% thin, 75 - 75% thick : 25% thin, 50 – 50% thick : 50%
thin, 25 – 25% thick : 75% thin, 0 – 0% thick : 100% thin. Blue – thick, green – thin.
*Note the different scales for the y-axis.
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Figure 3.5. Ratios of average grazing rates (thick : thin) and cell preference of Acartia
tonsa. A) ratios of grazing rates within each treatment, B) ratios when cells are abundant
in the same proportions, e.g. 75% thick: 75% thin, and C) electivity index (E*) for each
cell type within each treatment for every experiment. Shapes represent treatments:
triangles – 25, diamonds – 50, squares – 75, Circles – 100. Color codes: black – grazing
rate ratios, blue – thick shells, green – thin shells, filled in symbols indicate the novel
food item was preferentially grazed by A. tonsa. Magenta squares highlight the preferred
diatom type in each treatment, all filled symbols are higher than the corresponding open
symbols. Treatments, 100 – 100% thick : 0% thin, 75 - 75% thick : 25% thin, 50 – 50%
thick : 50% thin, 25 – 25% thick : 75% thin, 0 – 0% thick : 100% thin. Note: there was no
measurable grazing on thin cells in the 75 treatment and low grazing rates on thick cells,
therefore, no ratios were derived.
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3.5 Discussion

3.5.1 Diatom metabolic content and predicted copepod preferences
Diatoms with thick shells are generally viewed as being better defended against
grazing, because it takes more force to break the shell (Hamm et al. 2003, Hamm &
Smetacek 2007, Wilken et al. 2011, Pančić et al. 2019). In our experiments, diatoms with
thick shells had 1.0-3.8 times more bSiO2 per cell volume than diatoms with thin shells
among the four primary experiments (Figure 3.3). This would suggest thick diatoms in
three experiments were better defended from grazing by A. tonsa and in the other
experiment they were nearly equal, such that any preference should be based on
metabolites; therefore, diatoms with thin shells would be preferentially grazed. This held
true in Thick1 and Thick2 where copepods preferentially consumed thin cells at a rate 8.5
times higher, on average, than thick shells in seven out of eight sub-experiments. In
contrast, thick shells were preferentially grazed at a rate 4.5 times higher, on average, in
seven out of eight sub-experiments between Thin3 and Thin4 (Figure 3.5). Our results
suggest the increased silica content may mildly inhibit copepod grazing, but for this
model system, copepods do not select diatoms strictly based on the strength of the
mechanical barrier (i.e. shell thickness, silicification).
Food with superior nutritional quality, as measured by higher organic matter
content in the form of nitrogen or protein, is often preferred by copepods. Cowles and
colleagues (1988) acclimated A. tonsa to low protein cells and then introduced mixtures
of different proportions of high and low protein cells and found that high protein cells
were preferred. However, the authors did not test the reverse for the mixed assemblage
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feeding which we tested in this study; acclimate on high protein cells and introduce low
protein cells. In our study, thick diatoms contained 1.4-3.1 times more protein
(normalized data) throughout the four experiments and were preferentially grazed in
Thin3 and Thin4 at rates 2-9.3 times higher (average = 5.2) than thin diatoms (Figure 3.3;
Figure 3.5). Although bulk protein was not analyzed for amino acid composition, which
may have revealed differences between cell types, there was consistency in the relative
differences in bulk content between the two cell types among the experiments. The
quality of food during these experiments can also be assessed by comparing N:C ratios
between cell types, as was conducted by Miller & Roman (2008); however, doing so does
not provide a consensus for copepod selectivity on diatoms based on nutritional quality.
Thick and thin diatoms had similar N:C ratios in Thick1 and Thin3 but this ratio was
three times higher in thick diatoms (0.33) than thin (0.11) in Thick2. Thick cells would be
considered the higher quality food in this situation and yet copepods preferentially
consumed thin cells in three of the four treatments.
The degree of selection for high and low silica and protein content was
approximately the same in all experiments, however, this was not the same for the degree
of avoidance. Thick shells were strongly selected against in Thick1,2, average Ei* = 0.61, and thin shells had a reduced degree of avoidance (57%) in Thin3,4, average Ei* = 0.35. This may suggest that silica content is more important during selection than protein.
When each cell type was preferentially grazed, average ingestion rates were higher for
thin diatoms (1086 and 5627 cells copepod-1 hr-1 in Thick1,2) than thick diatoms (1150
and 756 cells copepod-1 hr-1 in Thin3,4), and may account for the difference in degree of
avoidance. Furthermore, thin shells were preferentially consumed in Pilot1 where
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copepods were acclimated to both diatom types. It seems that copepods preferentially
target diatoms with thin shells regardless of protein content. Based on data from the five
other experiments we expect that thin-shelled diatoms had less protein in Pilot1, however,
protein data was not collected in this experiment and therefore we cannot confirm this
trend. Thicker shells may provide some impedance to grazing by increasing handling
time, potentially taking longer to crack the shell or increasing digestion times (Smetacek
1999, Liu et al. 2016). The combined results from this study do not give a clear indication
whether diatom shell thickness or organic matter content exerts a stronger influence on
food selection in copepods, and therefore suggests another variable is more important in
the food selection process for this model system.
3.5.2 Diet novelty and variety guides food selection in copepods
Electivity index was applied to each of our treatments from primary experiments
and Pilot2 (18 total treatments) to analyze food preference: in 100% of our treatments the
new food item had a value greater than 0 indicating it was preferentially selected relative
to the acclimated prey type. Most interesting, copepods exhibited strong preference for
new cells even when they were more numerically rare relative to the other food option. In
Thick1 and Thick2, 75% thick treatment contained the new food at 25% of the cell
abundance and in these treatments Ei* was 0.19 and 0.26 (e.g. active selection) as
opposed to -0.70 and -0.14 for the old prey item (e.g. active avoidance). In Thin3 and
Thin4, 25% thick treatment contained the new food item as a quarter of the available
food, the electivity index was 0.18 and 0.15 compared to 0.05 and -0.33 for the
acclimated prey type, respectively. Although both food options had positive Ei* in Thin3
25% thick treatment, copepods still preferred the new food as evidenced by the larger
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value for new food (0.18 > 0.05). Additionally, in the Thin4 75% thick treatment
copepods displayed neutral preference towards the old food and active selection towards
new food, Ei* = 0 and 0.25, respectively. Aside from these two instances, all other values
for old food were negative. Consistently larger and positive values of Ei* for new food
items in all treatments and experiments suggests that new food types were preferentially
grazed relative to old food types regardless of relative abundance.
The potential benefits of consuming a new food item appear to outweigh associated
costs to grazers from actively searching for novel food even if they are less abundant and/or
have a higher silicification. In each experiment, there was one treatment where the new
food item was 25% of the food blend, 75% thick treatment for Thick1 and Thick2, and
25% thick treatment for Thin3 and Thin4. Copepods actively selected for the new food
item in Thick1, Thin3, and Thin4. Grazing rates were 2.2-3.3x higher on new cells even
though they were only a quarter of the cells available for consumption. Jones & Flynn
(2005) similarly concluded that variation in prey is beneficial to copepods and helps
achieve a balanced diet. An algal mixture composed of two diatoms and one dinoflagellate
in varying ratios was fed to copepods and displayed highly selective feeding behavior. In
treatments where the dinoflagellate prey made up 5% and 25% of the available diet, they
were 40% and 70% of the ingested biomass, respectively. In the same treatments, copepods
had the highest maximum growth yield and growth efficiency amongst treatments
indicating a benefit from the varied diet. Selective behavior for diatoms has also been
documented in open ocean diel vertical migrators in the Sargasso Sea, a region where their
biomass is among the lowest in the ocean. The phytoplankton taxa grazed by the copepods
Pleuromamma xiphias and Euchirella messinensis, and the euphasiid Thysanopoda
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aequalis have been shown to be composed of 20-70% diatoms throughout the year
(Schnetzer & Steinberg 2002). In fact, for E. messinensis, diatoms composed 60-70% of
their diet in the winter when diatoms were not abundant and during the same time frame
bSiO2 was particularly low (even for the region), ranging from 5-17 nmol L-1 (Krause et
al. 2009). Our results about the importance of diet novelty (and potential benefits to growth
metrics) as a selection factor is consistent with why these large grazers search for
numerically rare diatoms in the open ocean.
Similar behavior has been reported for the Antarctic krill species Euphausia
superba using various analyses to assess preference. Field experiments conducted in the
Weddell Sea found that amongst 18 phytoplankton taxa, diatoms (and particularly
Thalassiosira) were the preferred food of adult E. superba (Opaliński et al. 1997).
Preference was determined by counting the relative abundance of prey in the gut and in
the environment. In this manner the authors could determine if the high presence of a
prey item in the gut was due to an abundance of the prey in the environment or active
targeting. Size class also affects food preference, and although Thalassiosira falls within
the preferred size class of particles for E. superba, so do several other of the taxa that
were analyzed and yet there was no measured relative increase in the gut for alternate
prey. Laboratory experiments using natural phytoplankton assemblages and culture
mixtures of diatoms, cryptophytes, and prymnesiophytes (e.g. Phaeocystis) were fed to E.
superba and displayed constant selective behavior towards diatoms even as they became
scarcer (Haberman et al. 2003). Using stomach content, fatty acids, and stable isotopes,
Schmidt et al. (2006) found that diatoms were preferentially grazed by E. superba even at
stations where tintinnids, large dinoflagellates, and other armored flagellates dominated
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the biomass. Cleary et al. (2018) investigated differential grazing of E. superba in coastal
fjords along the West Antarctic Peninsula and open waters. The largest difference in
grazing selection was seen on Chaetoceros spp. diatoms, they contributed 71% of gut
contents from krill collected in fjords although they were only 10% of the phytoplankton
assemblage, further demonstrating the ability of krill to select for numerically rare food
items. This highly selective behavior is documented in both laboratory and field studies,
using various approaches of measuring food preference, and is exhibited by some
copepods and euphausiids. Therefore, this suggests the benefit to finding and consuming
new and potentially rare cells is greater than the cost of the energy expended in the
process and may be exhibited by other marine species. We cannot determine how
copepods selected between cell types, but this evidence suggests that varied diets provide
greater opportunity of meeting dietary requirements relative to diets dominated by a
single food type, and our data are consistent with the idea that copepods will actively
search for different food particles even when they are scarce.
3.5.3 Validation of model system and conditions
We are confident that this highly selective behavior is not an artifact of excess food
availability (e.g. C/N, protein) for copepods during the experiment. The cell, carbon, and
copepod concentrations, 4-7 x 103 cells mL-1, 5-10 µg C L-1, 40-44 copepods L-1, used in
these experiments are frequently measured in bloom conditions and similar to other
laboratory and field grazing studies (e.g. Donaghay & Small 1979, Morales 1987, Isari &
Saiz 2011, Helenius & Saiz 2017). Carbon concentrations in our experiments correspond
to low concentration treatments in other studies (Saage et al. 2009). Landry et al. (1984)
investigated assimilation efficiencies of Calanus pacificus assimilated to densities of T.
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weisflogii between 1000-8000 cells mL-1. More recently, Miller & Roman (2008) and
Werbrouck et al. (2016) fed T. weisflogii to A. tonsa at concentrations of 50 and 500 µg C
L-1 and 5000 cells mL-1, respectively. Kozlowsky-Suzuki et al. (2006) conducted feeding
experiments of three copepod species on Dinophysis spp. collected from depth and total
carbon concentrations in their food suspensions ranged from 19-1397 µg C L-1. Diatom
biomass ranged between 2-850 µg C L-1 across seven sampling stations off the coast of
Washington, USA (Olson et al. 2006). Furthermore, protein concentrations in our study
ranged from 0.2-1.6 µg protein mL-1, much lower than the 20-300 µg protein mL-1 range
fed to T. weissflogii to A. tonsa by Cowles et al. (1988). The experimental concentrations
used for carbon, protein, and cells in our study are ecologically relevant and, in our view,
reinforce the results of this study.
The range of increased silicification between T. rotula cell types in this
experiment has been measured in natural diatom assemblages and supports that these are
similar conditions to what a copepod may encounter in the ocean. McNair et al. (2018)
measured a 0.8-2.6 relative increase in diatom silicification (i.e. Si normalized to shell
surface area) during incubation experiments along the Oregon and California coasts
where cells were released from kinetic limitation by suboptimal dissolved silicic acid.
These results are reported among eight taxa in 13 experiments, and were the first to show
a natural range in the reduction of diatom silicification (i.e. Si per unit area or volume)
from kinetic limitation and not due to changing cell size (i.e. smaller diatoms typically
have lower total bSiO2 per cell than larger diatoms). This degree of similarity in the range
of normalized bSiO2 content in our experiments and the field measurements by McNair
and colleagues (2018) suggests that our experimental conditions were highly relevant in
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the degree to which silicification can change (e.g. factor 1-4) during a diatom bloom
cycle (i.e. high nutrients/increasing biomass/high silicification gives way to low
nutrients/peak biomass/reduced silicification). Thus, our data suggests that for this model
system, under these conditions, copepods do not select diatoms strictly based on the
strength of the mechanical barrier (i.e. shell thickness, silicification).
As expected, grazing rates were variable, however, there was a clear trend amongst
the four independent cohorts of A. tonsa used in these experiments, total of 868 individuals,
towards preferential consumption of diatoms which were new to the population. Copepods
were not separated by sex, nor was the female:male ratio documented, this may have added
to the variability seen in grazing rates due to differences in sex ratio in replicate bottles,
and male copepods are known to feed at lower rates than females (Mullin 1963). Analysis
of a global diatom biomass dataset containing >91000 data points revealed that
Thalassiosira is the third largest contributor to global diatom biomass (12.6%), and T.
rotula is one of the 43 species that contributes to 90% of global diatom biomass (Leblanc
et al. 2012). These findings were corroborated with a genetic dataset generated by Tara
Oceans (Malviya et al. 2016). Furthermore, the highest diatom abundances have been
documented in the Ross Sea with cell abundances in blooms >10 million cells L-1 and
dominated by Chaetoceros socialis, Thalassiosira spp., and unidentified pennates (Leblanc
et al. 2012). The model grazer A. tonsa is a widely distributed species found in estuaries
and coastal waters (Paffenhöfer & Stearns 1988, Mauchline 1998). Not only are these
species commonly found, but the 20-40 µm and 800-1300 µm size class are those
frequently encountered in the ocean for diatoms and copepods, respectively (Andersen et
al. 2016), as is the range in degree of silicification (McNair et al. 2018). The observed
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trends from these experiments are grounded in a model system which is commonly
researched and encountered in the field, and therefore we interpret that these findings
further contribute to the growing evidence that copepods prefer and require a varied diet of
phytoplankton.
3.5.4 Ecological implications
The degree of food selection exhibited by A. tonsa in this study and observed in
other marine zooplankton may explain certain grazing behavior. Diel vertical migration
(DVM) is carried out by some open ocean copepods and euphausiids that swim up 100300 m to the surface every night to feed, undoubtedly an energetic process. The
consensus is that this behavior facilitates predator avoidance, experiments have shown
that the amplitude of migration proportionally varies with predator abundance (Gliwicz
1986) and predation pressure (Bollens & Frost 1989), and an extensive study on field
data of DVM by copepods revealed a range of species often express this behavior (Hays
et al. 1994). An additional benefit of this behavior may be to facilitate an increased
diversity in diet by allowing the grazer to encounter more variable surface water masses
and the plankton entrained within. Surface waters move at a faster rate and different
direction than waters at depth which means that diel vertical migrators could,
conceivably, graze a different patch of water every time they change their vertical
position in the water column and resurface to feed.
Phytoplankton bloom initiation, progression, and decline are often debated as to
whether they are controlled by bottom-up (e.g. nutrients, physical mixing, light) or topdown processes (e.g. grazing, viral infection). The highly selective grazing behavior
demonstrated here, if scalable, could be a positive feedback for a blooming
83

phytoplankton organism. For example, a grazer may select against a cell type and release
it from grazing pressure thereby allowing it to become more abundant (e.g. diatoms);
such a positive feedback could help the blooming organism increase biomass in an
exponential manner (e.g. diatoms), especially if copepods actively select for
phytoplankton competitors or protozoan grazers (e.g. heterotrophic dinoflagellates) —the
latter can be important consumers of diatom biomass in highly productive systems (e.g.
Sherr & Sherr 2007). This type of mechanism for bloom initiation is possible particularly
with diatoms because they can have higher growth rates compared to other phytoplankton
of similar size class, e.g. dinoflagellates (Olson et al. 2006). If abiotic conditions are
primed for fast growth, a significant decrease in grazing may be a factor contributing to
why a phytoplankton group or species can bloom (upwelling bloom of diatoms, blooming
of harmful algal species, etc.). Indirect effects like trophic cascade are possible, such as
the one documented during an in situ iron fertilization experiment in the Antarctic Polar
Frontal Zone. The mesozooplankton grazers displayed preference towards
microzooplankton such as dinoflagellates and ciliates that can feed on large diatoms and
at times exhibited avoidance towards diatoms. While grazing pressure on the rest of the
phytoplankton community remained constant this resulted in decreased grazing pressure
on large diatoms which then bloomed (Schultes et al. 2006, Assmy et al. 2007, Henjes et
al. 2007). Clearly, further work is required to examine the scope of such selection
dynamics and its ecological and biogeochemical consequences.
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3.6 Conclusion
For our model system, we demonstrate that copepods preferentially select diatoms
based on which species has not been consumed in its recent past (i.e. novel food item),
and that novelty or newness is more important in food selection than either organic matter
content or shell thickness alone. Copepods have been shown to preferentially graze on
diatoms with higher organic matter content and with thinner shells. Here we were able to
manipulate grazer preference for a cell with less protein or higher silica content (e.g.
thicker shell and tougher mechanical barrier) based on the feeding history of copepods.
This selective behavior is beneficial to copepods because it facilitates access to a larger
variety of prey which may provide unique dietary benefits (e.g. essential fatty acids) that
in turn benefit growth and reproduction. The potential for these benefits outweighs the
cost of searching for new food even when it is a relatively rare. This highly selective
behavior facilitates a more generalized diet even when food variability in the
environment is low and has likely contributed to the long-term success of copepods.
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CHAPTER IV ORGANIC POLYMER CONSUMPTION FACILITATES
DOMOIC ACID ENTRY INTO THE MARINE FOOD WEB WITHOUT DIRECT
INGESTION OF PSEUDO-NITZSCHIA

4.1 Abstract
Domoic acid (DA) is a neurotoxin produced by diatoms from the genera Pseudonitzschia and Nitzschia. DA is transferred through the food web when consumed by
organisms such as copepods (e.g., Acartia tonsa). DA bioaccumulates in higher trophic
levels and poses a threat to human health through amnesic shellfish poisoning.
Laboratory experiments using a DA reference standard demonstrated that mild turbulence
facilitates formation of organic polymer aggregates >0.6 µm in-vivo that can scavenge
dissolved DA (dDA). Using A. tonsa, we demonstrate that DA can be assimilated through
consumption of these organic polymers which scavenged dDA —a pathway which does
not require direct ingestion of the toxin-producer Pseudo-nitzschia. In filtered seawater
with spiked DA, copepods accumulated 24.8 ± 4.7 pg DA copepod-1 (2.1 ppm) on
average by consuming organic polymers. This was validated in one out of five
experiments using ambient DA concentrations. Copepods were suspended in particle-free
seawater and accumulated 14.4 ± 3.8 pg DA copepod-1 (1.20 ppm), and in particleconcentrated seawater they accumulated 40.9 ± 3.8 pg DA copepod-1 (3.42 ppm). Data
from this experiment suggests that ~34% of the total assimilated DA entered via an
organic polymer-bound DA pathway. This experiment had the highest Pseudo-nitzschia
spp. abundance (~225,000 cells L-1) and cellular toxin quota, up to 0.88 pg DA cell-1,
relative to the other four ambient DA experiments. These results demonstrate the
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potential for DA to enter the marine food web through an alternate pathway and may
have considerable implications to understanding the flow of DA through marine food
webs, and how we monitor DA and its potential vectors into the food web.

4.2 Introduction
Prevailing conceptual models for Harmful Algal Bloom (HAB) dynamics denote that
algal toxins enter the marine food web through direct ingestion of toxin-producing algae.
Several diatom species belonging to the genera Pseudo-nitzschia and Nitzschia are
considered harmful algae because they can produce domoic acid (DA), which causes
amnesic shellfish poisoning in humans (Bates et al., 1989; Wright et al., 1989). The
primary mode of transfer to humans is via consumption of shellfish. However, DA has
been found in a variety of organisms in many trophic levels including, benthic
invertebrates (Vigilant and Silver, 2007), crustacean zooplankton (Bargu et al., 2002),
planktivorous fish (Work et al., 1993), cephalopods (Costa and Garrido, 2005; Bargu et
al., 2008), marine mammals (Scholin et al., 2000; Lefebvre, Bargu, et al., 2002, Fire et
al., 2011), and birds (Fritz et al., 1992; Beltrán et al., 1997). This toxin can be harmful to
higher trophic level animals and humans via consumption of contaminated seafood, and
therefore poses human health, ecological, and economic risks (Hoagland et al., 2002).
While the cosmopolitan distribution of these diatom genera among coastal systems
has been previously reported, we are still learning about their full geographical extent and
impact on local systems. Since 2012, 15 new species and seven toxigenic species have
been reported in the Western Pacific, Mediterranean Sea, and Arctic region (Bates et al.,
2018, and references therein). An unprecedented bloom of Pseudo-nitzschia australis in
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2015-2016 spanned the western coast of North America (Alaska to southern California)
and forced closures of many fisheries due to elevated DA concentrations in animal tissue
(McCabe et al., 2016). Several shellfish, finfish, and crustacean fishery closures due to
high abundance of Pseudo-nitzschia have been reported on the eastern Pacific (Adams et
al., 2000; Bill et al., 2006), western Atlantic (O’Dea et al., 2012), and Gulf of Mexico
(Fernandes et al., 2014) coasts. Bloom events vary by region and in the northern Gulf of
Mexico (nGoM) where there tends to be a frequent presence of low toxicity Pseudonitzschia (Parsons et al., 1999; MacIntyre et al., 2011; Parsons et al., 2013).
While Pseudo-nitzschia blooms resulting in potentially harmful DA levels have been
infrequent in the nGoM, there are reported cases of high-density bloom events (Dortch et
al., 1997; Liefer et al., 2009; Bargu et al., 2016) where trophic transfer of DA can occur
(Del Rio et al., 2010; Liefer et al., 2013). DA appears to rapidly accumulate in the marine
food web despite loss variables that should favor quick degradation in aquatic systems
and depuration from animal tissue. For example, photodegradation of DA is an important
sink that has been demonstrated in both deionized water and natural seawater (Bates et
al., 2003; Bouillon et al., 2006) and the subtropical latitude of the nGoM provides intense
UVA and UVB throughout the year. Free-living bacterial communities amended with
mussel pseudo-faeces or sediment rapidly degraded DA in the water column (Hagström
et al., 2007). DA is hydrophilic and polar (Walter et al., 1992), and therefore would be
expected to rapidly depurate from animal tissue (Wohlgeschaffen et al., 1992).
Combined, these factors would suggest that blooms producing enough DA to detect
throughout the marine food web should be rare. This appears to be true in the nGoM, a
region supporting ~20% of United States fisheries value (NOAA landing results, 2017),
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where 92% of samples for particulate DA (pDA) taken from Louisiana waters between
1989-2002 measured <0.1 µg DA L-1 and only two samples out of 118 had DA
concentrations >1 µg DA L-1 (Parsons et al., 2013). In contrast, there are instances where
DA is found in multiple trophic levels. Liefer et al. (2013) detected DA in 98% of fish
sampled in nGoM coastal waters which included both primary and secondary consumer
species, as well as recreationally important species like white mullet (Mugil curerna).
During this specific event, there was low cell toxicity among the Pseudo-nitzschia
present (0.05 – 0.3 pg DA cell-1). The observation that DA can be detected in higher
trophic level organisms when cell toxicity is low, coupled with processes that can favor
rapid degradation of DA (e.g. photodegradation, direct/indirect bacteria effects,
depuration from tissue), suggests that there could be a mechanism by which DA is
retained from a previous bloom and recycled in the system: we propose and confirm such
a pathway may be facilitated by organic polymers.
Phytoplankton, and especially diatoms, are known for exuding ample amounts of
polysaccharides (Watt, 1969; Allan et al., 1972). This material is operationally defined as
dissolved organic matter (DOM) because it is not captured on 0.2 µm filters. However, it
has been shown that 22-33% of this material is colloidal (10-7-10-9 m) (Benner et al.,
1992) and can self-assemble to form nanogels and anneal to form microgels (Verdugo,
2012). These polymers can continue to aggregate and eventually form larger particles like
transparent exopolymers (TEP) and marine snow (10-3-10-6 m) (Silver et al., 1978;
Alldredge and Silver, 1988; Passow et al., 1994). This material is a mixture of
phytodetritus, fecal pellets, and various other organic matter that can rapidly export
material to benthic communities. Adsorption of DA onto clays and sediments has been
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reported (Burns and Ferry, 2007), therefore, it is not unrealistic to expect that DA can
bind to other materials such as organic polymers. DA has been measured in sediments
and was likely transported to the benthos via Pseudo-nitzschia associated with rapidly
sinking aggregates (Sekula-Wood et al., 2009, 2011). Marine snow was confirmed as a
vector for flux of DA to depth when DA was measured on marine snow derived from
Pseudo-nitzschia cultures (Schnetzer et al., 2017). The presence of DA in benthic
consumers is accompanied with Pseudo-nitzschia presence in gut contents (Baustian et
al., 2018). It has only been speculated and not yet directly demonstrated that marine snow
is a vector for DA to enter the food web (Schnetzer et al., 2007; Sekula-Wood et al.,
2009). The Mobile Bay system, the estuarine nGoM field site for this study, has the
fourth highest cumulative (i.e., sum from all rivers feeding the bay) freshwater input in
North America (Morisawa, 1968; Dzwonkowski et al., 2011). Given the high regional
input of terrestrial DOM (e.g. Mississippi River and Mobile Bay plumes), subsequent
organic polymer formation may be a significant pathway by which DA enters or is
retained in the system.
Here we show that DA can be assimilated by the copepod, Acartia tonsa, through
consumption of organic polymers (e.g. biopolymeric gels, transparent exopolymers,
marine snow) which scavenged DA—a pathway which does not require direct ingestion
of DA-producing diatoms. Through a series of controlled laboratory experiments we
verify this secondary DA entry pathway. These results have considerable implications to
understanding the flow of DA through marine food webs, specifically that it can enter the
marine food web through consumption of organic aggregates which may be spatially and
temporally removed from the toxin’s microalgal source. Resuspension of sedimentary
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organic matter which has sequestered the DA can facilitate DA accumulation in
organisms and may be important in shallow coastal systems like the nGoM. This has
crucial implications to how we monitor both DA and its potential vectors for entry into
the marine food web (e.g. filter feeding bivalves such as oysters), and whether other
toxins (ciguatoxin, brevetoxin, saxitoxin, microcystins, etc.) can enter the food web
through a similar mechanism.

4.3 Materials and methods

4.3.1 General overview
Seven laboratory experiments, with either DA-spiked or ambient DA
concentrations, were conducted to test whether the model copepod, A. tonsa, could
assimilate DA by consuming organic polymers bound with DA. All experiments used
surface seawater (0-1 m) from the nGoM and Mobile Bay system (Figure 4.1), and
laboratory-reared adult A. tonsa, with no prior exposure to DA, were provided by the
University of Southern Mississippi Gulf Coast Research Laboratory’s Thad Cochran
Marine Aquaculture Center. Copepods were always starved for 24 hours prior to
experiment initiation. Two experiments, Spk-DA-1 and Spk-DA-2, had enhanced DA
concentrations in particle free seawater to demonstrate that organic polymers >0.6 µm
can form and scavenge dDA from solution. Five experiments, Amb-DA-1-5, used
ambient DA concentrations present at the time of collection to validate this mechanism in
the field.
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Briefly, the sampling scheme involved collecting seawater with an HCl-cleaned
5-gallon bucket, prefiltering with a 200 µm nitex mesh, and then gently pouring into
carboys. The containers were kept in the dark (4-5 hours) during transport to the lab and
experimental set-up. Either filtered seawater or whole seawater was partitioned into
round 1-L polycarbonate bottles, and copepods were added to some bottles. Bottles were
then placed on orbital shakers between 100-120 rpm in an incubator to match the ambient
water temperature, within 2˚C, at time of collection. The lights were kept on a 12:12
light:dark cycle and the experiment continued for 24 hours. Initial measurements were
taken immediately after the start of the experiment from a pooled sample of water. After
24 hours incubation, the final samples (T24) were collected from each individual bottle.
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Figure 4.1. Location of sampling sites along the northern Gulf of Mexico for Spk-DA
and Amb-DA experiments. Dauphin Island (DI), Little Lagoon (LL-1, LL-2, LL-3),
Perdido Pass (PP). Corresponding sampling locations for experiments: Spk-DA-1 (DI),
Spk-DA-2 (PP), Amb-DA-1 (PP), Amb-DA-2 (LL-1), Amb-DA-3 (LL-2), Amb-DA-4
(LL-2), Amb-DA-5 (LL-3).

4.3.2 Spike DA experiments
Surface seawater was collected from Dauphin Island (DI) and Perdido Pass (PP)
for Spk-DA-1 and Spk-DA-2, respectively (Figure 4.1). For both experiments, water was
filtered through a new 0.2 µm polycap filter (Pall Brand, USA). The freshly filtered
seawater was partitioned into 1-L polycarbonate bottles and initial measurements of
dissolved DA (dDA), organic polymer-bound DA (opDA), and organic polymers
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(measured as particulate organic carbon, POC) were collected in triplicate from a pooled
sample of initial water. POC was used as a proxy for organic polymer formation because
it is assumed that the precursors for these larger particles are primarily composed of
carbon. Lastly, the treatment bottles were spiked with a certified reference standard of
DA extracted from shellfish (Certified Reference Materials Program, National Research
Council, Halifax, NS, Canada) to bring the final concentration to 10 µg DA L-1.
There were slight differences in experimental design between the two experiments
that are detailed in the following paragraph. For Spk-DA-1, there were four replicate
bottles that were shaken for 24 hours and at the endpoint (T24Shake) each bottle was
subsampled in triplicate. A non-shaken control was not included in this experiment and
no copepods were added to any of the bottles. In Spk-DA-2 there was one non-shaken
control bottle (T24Control) and three shaken bottles (T24Shake) that were each
subsampled in triplicate for opDA and POC. Thirty-five copepods were added to both
control and shaken bottles and samples collected for copepod DA (cDA).
4.3.3 Ambient DA experiments
Whole seawater used for Amb-DA experiments 1-5 was collected from Perdido
Pass and designated monitoring sites at Little Lagoon (LL-1-3) (Figure 4.1). The
experimental design consisted of 12 1-L polycarbonate bottles per experiment, four
different treatments conducted in triplicate. There were two different water treatments
each containing a set of bottles with and without copepods, 0.2 µm filtered seawater
control treatments (T24-Cntr, T24-CopCntr) and particle-concentrated seawater (T24Algae, T24-Cop+Algae). Copepods in filtered seawater (T24-CopCntr) enabled
measurement of accumulated DA via consumption of organic polymer-bound DA,
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whereas copepods in whole seawater (T24-Cop+Algae) served to measure DA
accumulation from ingesting both Pseudo-nitzschia and organic polymer-bound DA.
Particles and the natural phytoplankton community were concentrated by a factor of three
using a 20 µm nitex mesh to increase the grazing interaction between copepods and
diatoms. The start of the experiment was denoted by the time of addition of 30 copepods
to treatment bottles. Initial samples for dDA, particulate DA (pDA), and cell counts were
collected from a pooled sample of whole seawater in a carboy. Final samples were taken
from each individual bottle after the 24-hour timepoint.
4.3.4 DA sample collection and processing
Four DA measurements were collected throughout this study, cDA, opDA, dDA,
and pDA. Copepods were collected and starved for 24 hours prior to the start of the
experiment. Using a transfer pipette, live individuals were carefully collected and
transferred into treatment bottles and allowed to graze for 24 hours. Additional
individuals were collected for T0 measurements. After 24 hours, copepods were collected
on a 200 µm nitex mesh and gently rinsed with filtered seawater, placed in fresh filtered
artificial seawater, and allowed to evacuate their guts for ~1 hour. Any dead copepods (212 individuals per bottle) were noted and kept for analysis with live copepods.
Subsequently, copepods were once again collected on the mesh, rinsed three times, and
then stored in a cryovial at -20°C until analysis.
The organic polymer collection method was modified from Passow & Alldredge
(1995) and employed for both opDA and particulate organic carbon (POC)
measurements. Organic polymers were collected on pre-combusted (500°C, 4 hours)
glass fiber filters (0.6 µm) to minimize organic residue. Loss of organic polymers via
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filtration was minimized by maintaining low-vacuum (<200 mbar) and filtering samples
for a maximum of 15 minutes. opDA samples were stored in cryovials at -20°C and POC
samples were stored in pre-combusted aluminum packets at -80°C. POC filters were
dried in an oven at 60°C prior to analysis using a Costech ECS 4010 CHN analyzer.
Seawater was filtered using a 0.6 µm glass fiber filter, 50 mL of filtrate was
collected in a polypropylene conical tube and stored at -20°C for later analysis of dDA.
pDA was sampled by filtering 100 mL of seawater under low vacuum (<200 mbar)
through a 5 µm polycarbonate filter and stored in a 50 mL polypropylene tube at -20°C.
Additionally, 50 mL of seawater was preserved with 2 mL of Bouin’s solution and stored
at 4°C for Pseudo-nitzschia cell abundance. A Sedgewick rafter slide was used to count
cells in a 1 mL subsample from each bottle, and the counts from triplicate bottles were
used for our mean and standard error measurements. Cellular toxicity was calculated by
normalizing pDA to Pseudo-nitzschia cell abundance.
4.3.4.1 Liquid chromatography-mass spectrometry method for domoic acid
quantification.
An ultra-performance liquid chromatography (UPLC) – tandem mass
spectrometry (MS) system was used for the quantification of DA. LC-MS/MS sample
preparation followed was modified from Wang et al. (2012) for the determination of
cDA, opDA, pDA, and dDA. For dDA samples, seawater was acidified with formic acid
to yield a 0.2% final solution. Prior to concentration and clean-up, cDA, pDA and opDA
samples (i.e. copepods or filters) were submerged in 2 mL of 80% methanol and
sonicated to ensure cells and copepods were lysed. Samples were kept on ice during
sonication pulses set for a total of 45 seconds (5 seconds on/off) on a Sonics Materials
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Ultrasonic Processor (model - VCX 130) at 75% power. Samples were then diluted to 10
mL with HPLC-grade water and acidified with formic acid similarly to the dDA samples.
The samples for DA determination were cleaned and concentrated using Bond Elut LRC
- C18, 200 mg, solid-phase extraction (SPE) columns from Agilent Technologies. SPE
columns were conditioned with one column volume of HPLC-grade methanol followed
by one column volume of HPLC-grade water. Samples were then loaded on the SPE
column and filtered at ~1 mL min-1 using a vacuum manifold, followed by 10 mL of
0.2% formic acid as a rinse for the sample tube and SPE column. The dry SPE column
was eluted with 1.5 mL of 20 mM ammonium acetate in 50% methanol (pH 8) and
collected in a glass tube. The tubes were centrifuged for 5 minutes at ~1300 x g,
supernatant was transferred into an LC vial with a Pasteur pipette, and stored at 4°C until
LC-MS/MS analysis.
The LC-MS/MS system consisted of Acquity UPLC system (Waters, Milford,
MA) coupled to a 5500 QTRAP triple quadrupole / linear ion trap mass spectrometer
equipped with a TurboIonSpray interface (Sciex, Foster City, CA, USA). The analytes
were separated on a Luna C18 (2), 2.0 x 100 mm column (Phenomenex, Torrance, CA,
USA) with column temperature held at 40ºC. The mobile phase was water (A) and 95%
aqueous acetonitrile (B) with 0.1% formic acid additive and the flow rate was 0.4 ml/min.
Gradient program was: 5% B for 3 min, linear gradient to 60% B at 10 min, 95% B at
10.1 min, hold at 95% B for 2 min. MS was operated in positive ion mode. Ion spray
voltage was 5 kV and declustering potential was 80 V. Gas parameter settings were:
nebulizer gas, 50 psi; turbo gas, 50 psi at 500ºC; curtain gas, 20 psi; and collision gas,
medium setting. The collision energy applied was 25eV. The transitions used for selected
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reaction monitoring were m/z 312→266, 193, 220. The transition m/z 312→266 was used
for quantitation. The limit of detection and quantitation was 0.03 and 0.06 ppb,
respectively. DA in the samples was quantitated by using an external calibration curve
generated from certified reference standards purchased from Certified Reference
Materials Program, National Research Council, Halifax, NS, Canada.
Excellent recovery (94-99%) of DA was obtained with spiked samples at levels
0.025, 0.1, and 0.25 ng DA mL-1. We also checked the effect of sonication, and found
sonication had no effect on DA recovery at concentrations of 0.025, 0.125, and 0.5 ng
mL-1 (data not shown). Detection limit for all DA measurements was 0.03 pg mL-1.

4.4 Results

4.4.1 Organic polymer formation and DA sorption
Salinities in Spk-DA-1 and 2 were 25 and 20, respectively. There was no
quantifiable DA associated with particles at the initial time point in Spk-DA-1, but after
24 hours of gentle shaking, 10 (of 12) subsamples had measurable opDA (Figure 4.2b).
Below-detection DA values were included as zero values for statistical comparisons. The
four replicate bottles (T24-Shake, A-D) accumulated 6-28 µg POC (40-180 µg POC L-1)
and this was significantly higher (Wilcoxon Rank Sum, two-tail P < 0.001; Figure 4.2a)
than the initial measurements (T0 = 1.5 µg POC). Between 0.11-0.69 ng DA was
accumulated among these 10 samples, equating to 0.7-4.6 ng DA L-1 or ~0.007-0.046%
of the spiked dissolved DA (dDA) being scavenged abiotically (Figure 4.2b). The molar
ratio, or ‘sorption capacity’, of bound DA to organic polymer-carbon in this experiment
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ranged from 0.53-2.11 nmol DA:µmol C and was significantly higher (Wilcoxon Rank
Sum, two-tail P < 0.001) than initial measurements (Figure 4.2c). These data validate that
mild mixing can facilitate organic polymer formation and binding of a small fraction of
the total dDA from ambient seawater.
Spk-DA-2 tested whether A. tonsa could assimilate a measurable amount of DA
in their tissue by feeding on opDA. A non-shaken control treatment was included, and
hatchery reared copepods were added to all bottles, but all other experimental facets were
the same as in Spk-DA-1. In 0.2-µm filtered seawater bottles that were shaken, copepods
accumulated 24.8 ± 4.7 pg DA copepod-1 on average, but copepods did not accumulate
DA in the non-shaken control bottle (Figure 4.2d). In this same treatment, 2-5 µg POC
(13-33 µg POC L-1) were captured on the filters after 24 hours of shaking and was
significantly higher than POC in the initial filtration (Wilcoxon Rank Sum, two-tail P <
0.001) but not the T24-Control bottles (Wilcoxon Rank Sum, two-tail P = 0.46). The
absolute and relative amounts of DA sorbed on the filters from the filtered seawater
treatment, which was shaken (T24-Shake), ranged from 0.04-0.65 ng DA and equates to
0.3-4.4 ng DA sorbed in one liter. The percentage of DA scavenged (0.003-0.043%)
relative to spiked dDA was similar to Spk-DA-1, however, the sorption capacity (0.3611.8 nmol DA:µmol C) was greater than Spk-DA-1 (0.53-2.11 nmol DA:µmol C; Figure
4.2c). There was no detectable POC (i.e. organic polymers) or DA on the initial filter or
T24-Control (non-shaken) incubation bottles, and no detectable DA in the copepods
sampled at time zero. Given there were no diatoms in the filtered seawater (DA was
added independently), copepod assimilation of DA was due to direct consumption of
organic polymers that formed due to turbulence and scavenged dDA from seawater.
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4.4.2 Copepod consumption of ambient DA bound to organic polymers
Lab experiments with ambient DA produced by Pseudo-nitzschia were conducted
to substantiate laboratory findings with spiked DA, and measure the relative contribution
of opDA to total DA accumulation in A. tonsa. Salinities during the experiments ranged
from brackish 20-26 Amb-DA-1 and 2 to marine 32-35 in Amb-DA-3-5 (Table 4.1). dDA
was detected in all experiments even when Pseudo-nitzschia abundance was low, as was
the case for Amb-DA-2, 4, and 5 (0.01-0.07 µg DA L-1). pDA was detected in all
experiments except Amb-DA-5. In Amb-DA-2, pDA was measured even though Pseudonitzschia abundance was <1,000 cells L-1 and had low cellular toxin quotas (0.03 ng DA
cell-1) (Table 4.1). cDA was not detected in Amb-DA-1, 2, 4, and 5 but was detected in
Amb-DA-3 where the highest Pseudo-nitzschia cell density and dDA concentrations were
measured (Table 4.1). The other four Amb-DA experiments either had one or two orders
of magnitude lower dDA and Pseudo-nitzschia abundance. Therefore, the remaining
discussion of results will focus on Amb-DA-3.
Cell count and pDA measurements confirmed there were no significant
differences in Pseudo-nitzschia cell density and cell-specific toxicity between T24-Algae
and T24-Cop+Algae treatments (Figure 4.3, Table 4.1). No pDA was measured in the
filtered-seawater controls (T24-Cntr, T24-CopCntr) which demonstrated that filtration had
the intended effect of removing pDA from solution. Across treatments Pseudo-nitzschia
density ranged from 130,000-312,000 cells L-1 and the toxicity ranged from 0.29-0.88 pg
DA cell-1 (Table 4.1). Initial dDA concentrations measured 565 ± 48 ng DA L-1 and were
not different from either filtered seawater control treatment (T24-Cntr = 550 ± 43 ng DA
L-1, T24-CopCntr = 516 ± 84 ng DA L-1). However, the initial and filtered-seawater
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treatments (with and without copepods) had significantly lower (P < 0.03) dDA than the
T24-Algae (1086 ± 67 ng DA L-1) and T24-Cop+Algae treatments (890 ± 32 ng DA L-1).
Moreover, pDA was significantly higher (Wilcoxon Rank Sum, two-tail P = 0.05) in the
T24-Cop+Algae treatment relative to the T0, 128.8 ± 11.6 ng L-1 and 80.5 ± 13.0 ng L-1,
respectively, due to DA production by diatoms during the incubation. The amount of
accumulated DA in copepods in the T24-Cop+Algae treatment was significantly higher
(40.9 ± 3.8 pg DA copepod-1, Wilcoxon Rank Sum, two-tail P = 0.008) than the T24Copepod control (14.4 ± 3.8 pg DA copepod-1) where copepods were suspended in
filtered seawater. No DA was detected in the initial copepods (Figure 4.3, Table 4.1).
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Figure 4.2. Dissolved and particulate domoic acid in spike experiments. a) Organic
polymer production with POC used as a proxy, b) DA adsorbed onto organic polymers
(opDA), c) Molar ratio of DA bound to organic polymers, d) DA assimilated into
copepods (cDA). Individual data points for laboratory experiments, Spk-DA-1 (circles)
and Spk-DA-2 (triangles); colors represent measurements from replicate bottles, green –
A, orange – B, purple – C, pink - D. Number of samples for each measurement; Spk-DA1: T0-(n=4), T24Shake-(n=12) for POC, opDA, and molar ratio. Spk-DA-2: T0-(n=3),
T24Control-(n=3), T24Shake-(n=9) for POC, opDA, and molar ratio; T0-(n=3),
T24Control-(n=1), T24Shake-(n=3) for cDA. cDA measurements are single data points
because all copepods within one bottle were combined to ensure measurements were
above detection limit. Missing data points are due to overlapping symbols. Note: Panels
A-C, no T24Control in Spk-DA-1.
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Figure 4.3. Domoic acid mass balance in Amb-DA-3 treatments compartmentalized into
copepods (cDA), particulate DA (pDA), dissolved DA (dDA). Each bar displays the
mean and standard error of single measurements of DA from triplicate bottles for each
treatment on a logarithmic scale. BD: below detection. No cDA measurements for
T24Cntr and T24Algae because copepods were not added to those treatments.
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Table 4.1. Summary table for the five field-simulation experiments, Amb-DA-1-5. Water
collection dates (yyyymmdd) for each experiment, as well as the corresponding location,
salinity (ppt), and temperature (°C). Three replicate bottles from each treatment (e.g. n=3
for all samples) were used for calculation of mean ± st.err. for dDA - µg DA L-1, pDA –
ng DA L-1, Pseudo-nitzschia toxin quota – pg DA cell-1, Pseudo-nitzschia density – cells
L-1, cDA - pg DA copepod-1. *0 ± 0 refers to below detection measurements, DA
detection limit = 0.0625 pg mL-1.
Experiment, Salinity,
Date, Site Temp.

Treatment

T0
T24
Amb-DA-1,
25 ‰,
2017-07-12,
T24Algae only
31 °C
PP
T24CopControl
T24Algae+Cop
T0
T24
Amb-DA-2,
20 ‰,
2017-07-31,
T24Algae only
31 °C
LL-3
T24CopControl
T24Algae+Cop
T0
Amb-DA-3,
T24
2018-03-22, 35 ‰,
T24Algae only
LL-2
16 °C
T24CopControl
T24Algae+Cop
T0
T24
Amb-DA-4,
33 ‰,
2018-04-26,
T24Algae only
19 °C
LL-2
T24CopControl
T24Algae+Cop
T0
Amb-DA-5,
T24
2018-05-15, 32 ‰,
T24Algae only
LL-1
28 °C
T24CopControl
T24Algae+Cop

dDA

Cell toxin
Cell density
cDA
quota
5.82 ±0.25 0.05 ±0.01 115555 ±13517
0 ±0
0 ±0
0 ±0
0 ±0
NA
4.55 ±0.18 0.04 ±0.01 57714 ±12705
NA
0 ±0
0 ±0
0 ±0
0 ±0
1.83 ±0.16 0.02 ±0.01 69333 ±14847
0 ±0
0.15 ±0.01 0.03 ±0.03
667 ±667
0 ±0
0 ±0
0 ±0
0 ±0
NA
2.64 ±0.02
0 ±0
0 ±0
NA
0 ±0
0 ±0
0 ±0
0 ±0
2.97 ±0.22
0 ±0
0 ±0
0 ±0
80.46 ±12.99 0.63 ±0.13 129937 ±11423
0 ±0
0 ±0
0 ±0
0 ±0
NA
102.31 ±14.33 0.51 ±0.18 235612 ±54633
NA
0 ±0
0 ±0
0 ±0
14.4 ±3.8
128.81 ±11.64 0.47 ±0.09 311852 ±101199 40.9 ±3.8
0.73 ±0.13 0.08 ±0.02
9333 ±1171
0 ±0
0 ±0
0 ±0
0 ±0
NA
0.76 ±0.05 0.04 ±0.00 18019 ±1012
NA
0 ±0
0 ±0
0 ±0
0 ±0
0.70 ±0.02 0.05 ±0.03 25085 ±9141
0 ±0
0 ±0
0 ±0
7826 ±2378
0 ±0
0 ±0
0 ±0
0 ±0
NA
0 ±0
0 ±0
28889 ±15938
NA
0 ±0
0 ±0
0 ±0
0 ±0
0 ±0
0 ±0
61280 ±5209
0 ±0
pDA

0.064 ±0.001
0.058 ±0.013
0.063 ±0.007
0.064 ±0.010
0.074 ±0.004
0.008 ±0.001
0.007 ±0.001
0.006 ±0.001
0.005 ±0.000
0.006 ±0.001
0.565 ±0.048
0.550 ±0.043
1.086 ±0.067
0.516 ±0.084
0.593 ±0.297
0.045 ±0.002
0.045 ±0.002
0.037 ±0.001
0.037 ±0.005
0.038 ±0.001
0.012 ±0.001
0.012 ±0.002
0.011 ±0.000
0.012 ±0.001
0.012 ±0.000

4.5 Discussion

4.5.1 An indirect pathway for DA entry into the marine food web
Laboratory experiments using spiked and ambient DA concentrations were
conducted to test if the copepod, A. tonsa, could assimilate DA without directly ingesting
toxin-producing Pseudo-nitzschia. Spk-DA-1 and Spk-DA-2 demonstrated that formation
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of organic polymers, quantified as increases in POC formed in-vivo from 0.2 µm filtered
seawater during the experiment, can scavenge DA originating in solution. However, the
amount of DA sorbed is variable which is expected given that organic polymer formation
results from random collisions of nanometer sized colloids (Passow, 2002; Verdugo,
2012).
Sorption capacity in the Spk-DA experiments were different from each other
despite the similarity in percent DA sorbed. Ratio values and ranges were smaller for
Spk-DA-1 compared to Spk-DA-2 but are driven by the significantly higher (Wilcoxon
Rank Sum, two-tail P = 0.001) quantity of organic polymers produced in Spk-DA-1 (11.2
± 1.6 µg POC) compared to Spk-DA-2 (4.3 ± 0.7 µg POC). Variability in these
measurements makes it difficult to constrain the sorption capacity of organic polymers,
but both experiments fall within an order of magnitude (0.5-6 nmol DA: µmol C) (Figure
4.2c). It is known that TEP, a type of organic polymer, is a heterogenous material with
ionic and hydrophobic binding sites, and it is unlikely that the number of DA binding
sites is equal among all organic polymers. Burns and Ferry (2007) determined that the
solid-water partitioning constant for DA with sediments equilibrated within 24 hours and
this may be the case for DA sorbing on organic polymers. This may explain the similarity
in percentage of DA sorbed in both Spk-DA experiments. While beyond the scope of this
study, it is possible that the DA sorption capacity of organic polymers depends both on
the quantity and quality of DOM from which it is derived. However, the broader
importance of this work is the verified movement of dDA into the organic polymer pool
in estuarine and freshwater-influenced coastal systems, especially those with high
abundances and cellular toxin quotas for Pseudo-nitzschia.
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We are unaware of any previous communications demonstrating an organic
polymer-binding pathway for DA as a marine food-web entry mechanism. Interactions
between DOM and DA have been demonstrated previously. For instance, Schnetzer et al.
(2017) demonstrated that marine snow formed by Pseudo-nitzschia australis contains
DA, can act as a vector for export to deeper waters (sinking speeds of ~100 m day-1), and
is potentially toxic to organisms associated with the marine snow surface. Burns and
Ferry (2007) were able to increase DA binding onto sediments two-fold with the addition
of terrestrially derived DOM. Lail et al. (2007) examined the effect of different particle
types on adsorption behavior of DA, and were able to detect 7-11% losses from a 0.31 µg
DA L-1 solution in 0.2 µm filtered seawater controls (salinity 34 ppt) with and without
dissolved humic acid. However, unlike our study, which examined the scavenged DA in
the particle fraction, those authors only looked for changes in the dDA pool over time,
meaning their signal-to-noise ratio was considerably lower (i.e. more noise than signal)
than with our approach which examined the particulate fraction. We were able to resolve
the increase in opDA by concentrating the particles and measuring a small signal increase
against a low background signal (i.e., more signal than noise). Lail and others attributed
the loss of DA in their twice filtered (0.2 µm) seawater control treatments to possible
bacterial degradation, however, the filtration likely removed most bacteria from the
water. Additionally, Hagström et al. (2007) suggest that only certain bacteria in the water
column during Pseudo-nitzschia blooms aid in the degradation of DA. The water in Lail
et al. (2007) was not collected during a bloom and their samples were also gently mixed
using an orbital platform shaker. Therefore, we suggest their interpretation may require
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slight revision: the losses observed were likely a combination of organic polymer
formation and minimal bacterial degradation.
Copepods accumulated DA without direct ingestion of the DA-producer, Pseudonitzschia, in Spk-DA-2 and Amb-DA-3. The conditions during Amb-DA-3 suggest that
the combination of high dDA concentrations, pre-existing dissolved organic carbon (i.e.,
organic polymer precursors), and turbulence enabled our detection of DA trophic transfer
through the organic polymer-scavenging pathway. Self-assembly of polymer gels has
been previously documented (Chin et al., 1998; Verdugo and Satschi, 2010). Our data
show that bottle shaking facilitated the production of organic polymers from DOC
precursors, which were <0.2 µm at the experiment initiation, likely by increasing the
collisions of these nanometer sized colloids. The formed polymers provided a surface
where DA could adsorb. In the absence of phytoplankton, the starved copepods
consumed these larger aggregates which were produced during the incubation. In AmbDA-3, pDA was higher in both T24-Algae-only and T24-Algae+copepod treatments
relative to the initial, but was only significant for the T24-Algae+copepod treatment
(Table 4.1; Wilcoxon Rank Sum, two-tail P = 0.05). This is likely not due to increased
Pseudo-nitzschia density or toxicity as there were no significant differences between
initial and final measurements, with or without copepods. Other possible explanations for
the increased pDA include adsorption of DA onto sediment particles in the water at the
time of sampling and formation of organic polymers. Organic polymer precursors are
continually supplied in the presence of the phytoplankton community and may have
contributed to the increased pDA. In Amb-DA-3 we were unable to detect pDA in the
filtered seawater control treatments (T24Cntr and T24CopCntr) which were shaken and
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should have formed organic polymers that scavenged DA. However, considering that
<0.05% of spiked DA was sorbed in Spk-DA-1 and Spk-DA-2, and dDA concentrations
were 10 to 20-fold lower in Amb-DA-3 compared to our laboratory experiments, the lack
of detection of pDA is most likely due to the detection limits of our LC-MS/MS method.
Considering that less than one percent of dDA was scavenged in Spk-DA-1 and
Spk-DA-2, in the field there must be a high DA event to detect organic polymer-bound
DA in copepods with the LC-MS/MS method employed here. Even so, copepods in the
shaken 0.2 µm-filtered seawater control bottles accumulated 15-30 pg DA copepod-1 in
Spk-DA-2 and 7-48 pg DA copepod-1 in Amb-DA-3 where copepods could graze on
phytoplankton and opDA (Figure 4.2d, Table 4.1). Copepods grazing on phytoplankton
accumulated 40.92 ± 3.79 pg DA copepod-1 and copepods consuming opDA in the
filtered seawater control bottles accumulated 14.42 ± 3.84 pg DA copepod-1 (Figure 4.3,
Table 4.1). Thus, ~34% of the total assimilated DA (DA from direct consumption of
Pseudo-nitzschia + organic polymer-bound DA consumption) was derived from ingestion
of DA-containing organic polymers. However, this may have a low-end bias. The
methodology used in Amb-DA-3 concentrated the Pseudo-nitzschia three-fold to ensure
an adequate food supply for the experimental incubation, thereby increasing the
encounter rate of copepods with Pseudo-nitzschia. Such a manipulation would not
concentrate dDA in the same manner (i.e. dDA would pass through the filters used for
concentrating); therefore, the amount of DA assimilated in copepod tissue, via direct
ingestion of Pseudo-nitzschia, from Amb-DA-3 may have been over-represented relative
to the in-vivo condition by the concentration factor (i.e. ~3). When accounting for this
concentration factor, the contribution of DA from organic polymers (~34% of the inflated
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total, ~100% if corrected by a concentration factor) would be nearly equivalent to that
from ingesting Pseudo-nitzschia when considering the ambient field conditions.
A. tonsa lengths ranged from 875-1050 µm for females and 750-850 µm for
males in this study. We can use two conversion factors of weight to length ratio, one for
Acartia clausi (Durbin and Durbin, 1978) and another for Acartia hudsonica (Durbin et
al., 1992) to estimate the dry weight of copepods in this study. Using those factors, we
can calculate a broad estimate of weight range from 4.36-14.77 µg for all copepods.
Therefore, we can estimate that the DA for copepods in Spk-DA-2 and Amb-DA-3
ranged from 0.98-9.34 ppm (i.e. pg DA µg dry weight-1). However, this may be an underestimate of DA consumption given that 2-12 copepods per bottle did not survive the
duration of the experiment. These values are lower than the 20-ppm threshold considered
safe for higher level consumers (Kvitek et al., 2008). Accumulation of DA in the tissue of
a higher trophic level organism would thereby require ingestion of numerous copepods
with low DA. Several laboratory studies using Calanus and Acartia copepod species have
demonstrated that there seems to be no selection against toxic Pseudo-nitzschia and that
DA has little to no effect on feeding or fecundity (Lincoln et al., 2001; Maneiro et al.,
2005; Leandro et al., 2010). The lack of a negative response to DA and toxic Pseudonitzschia by copepods makes them an important potential vector for DA into the pelagic
food web.
This mechanism has been demonstrated in the nGoM and our data suggests that a
threshold dDA concentration may be necessary for this organic polymer-DA pathway to
be resolvable given current analytical techniques. Among regions affected by Pseudonitzschia and DA, the nGoM system is less impacted. Dissolved DA during Amb-DA-3
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measured 0.56 µg L-1, which is a significant regional event observed <10% of the time
(Parsons 2013); however, cellular toxin quotas were low (<1 pg DA cell-1), and at a level
observed in a majority of regional samples (i.e. 55%, Parsons et al., 2013). Little Lagoon,
which contained three of our sampling sites, has been documented to have a frequent
presence (59%) of Pseudo-nitzschia at sub-bloom densities (105 cells L-1) at salinities
more reflective of marine conditions (Liefer et al., 2009), this was the case in our study.
Additionally, high toxin events are possible and have been recorded in coastal Alabama
waters, where pDA measured up to 8 µg DA L-1 (MacyIntyre et al., 2011). However,
with much more toxic Pseudo-nitzschia (e.g. >4 µg L-1, Sekula-Wood et al., 2009),
higher dDA concentrations observed in other hotspots (reviewed by Trainer et al., 2012;
Bates et al., 2018), along with higher precision methods (Geuer et al., 2019), suggests the
organic polymer-DA pathway may be more prominent, and detectable, in other regions.
4.5.2 Organic polymer-bound DA in shallow and deep coastal ecosystems
The mechanism of organic polymer-bound DA entering the marine food web has
implications for shallow and deep coastal food webs (Figure 4.4). This mechanism
suggests that organic polymer-sorbed DA could enter the marine food web through
multiple pathways because aggregates can become large enough (1-4 mm) to be directly
consumed by a variety of benthic and pelagic organisms (Schnetzer et al., 2017). An
organic polymer-sorbed DA pathway could introduce DA sequestered in regional
sediments, be resuspended due to storm events (e.g. Dzwonkowski et al., 2017), or allow
DA to linger in the water column if Pseudo-nitzschia are consumed or exported to depth
(Figure 4.4). In shallow systems, like the nGoM, these aggregates can be consumed by
filter feeders, copepods, benthic infauna, and planktivorous fish (Haya et al., 1991; Buck
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et al., 1992; Tester et al., 2001; Lefebvre, Silver, et al., 2002). This mechanism, if
widespread, helps to explain why Liefer et al. (2013) detected DA in 98% of fish sampled
among primary and secondary consumer species in nGoM coastal waters, despite high
Pseudo-nitzschia abundances (and low cell-specific toxicity) being elevated for ~10 days
prior to sampling. Through the organic polymer-sorption pathway, DA can enter the
marine food web through more organisms than are expected, and thus transfer into lower
trophic level organisms that do not directly feed on Pseudo-nitzschia.
Many aggregates can rapidly sink from surface waters and store DA in sediments
long term. For example, the central basin of the Santa Barbara Channel (California, USA)
has experienced increased frequency of large Pseudo-nitzschia blooms since 2000, which
is also reflected in increased pDA in sediment traps up to 800 m (Sekula-Wood et al.,
2009, 2011; Umhau et al., 2018). While these studies show a correlation between
Pseudo-nitzschia and DA flux, there are instances where high DA flux is not
accompanied by high Pseudo-nitzschia flux (e.g. multiple times in 2004). The rapid
movement of DA from surface waters to the benthos has important implications for the
cycling of DA in the marine system. Additionally, a recent study detected dDA at 5000 m
in the Eastern Atlantic at concentrations on average of 32 pmol L-1 and up to 173 pmol L1

, demonstrating that DA is relatively recalcitrant and resistant to degradation once

outside of the euphotic zone (Geuer et al., 2019). These authors go on to propose that
dDA may be stabilized within a complex DOM matrix which would primarily be
composed of recalcitrant carbon at the depths they detected DA. Combining this
proposition with our data, demonstrating that newly made organic polymers can sorb DA,
further indicates that both labile and recalcitrant carbon can sorb DA. If true, this means
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that DA may persist in marine environments to some degree despite being removed, both
temporally and spatially, from its diatom producer (Sekula-Wood et al. 2011).
Photodegradation is the primary removal pathway of DA and minimizing exposure to
sunlight could extend the residence time of DA. Even in shallow waters (e.g. <5 m) this
is important, as high turbidity and colored DOM rapidly attenuate sunlight.
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Figure 4.4: Proposed DA-scavenging organic polymer pathway in shallow coastal
systems. DA is represented by hatched red circles. A1: direct grazing on Pseudo-nitzschia
is the primary pathway by which DA enters the marine food web. B1: nanometer sized
cellular exudates (e.g. carbohydrates, proteins) and toxins released from the cell into the
surrounding environment. B2: physical mixing enhances random collisions and facilitates
aggregation of small exudates into larger particles like marine snow. Marine snow has
many binding sites where DA can adsorb onto its surface. B3: marine snow aggregates
are large enough that they can be directly ingested by copepods, planktivorous fish, and
filter feeders, thereby transferring domoic acid into the marine food web. B4: large
marine snow aggregates with DA enhance vertical export of DA from the pelagic to
benthos. B5: aggregates that reach the sediment can be buried or ingested by benthic
infauna. B6: aggregates stored in the sediment can be resuspended into the water column
during storm events, making them available for ingestion by pelagic organisms and filter
feeders. Resuspension of sediments can increase turbidity and reduce light penetration
into the water column, thereby reducing photodegradation of DA.

113

4.5.3 Conclusions
We suggest that DA can directly enter many trophic levels in the marine food
web. Beyond direct ingestion of Pseudo-nitzschia by herbivores, particles that have
sorbed DA on their surface (e.g. TEP, marine snow) can be consumed by many other
organisms, even those which do not traditionally feed on diatoms. Even if the effect is
diffuse, the latter mechanism has the potential to influence the flow of DA through
pelagic and benthic marine food webs in shallow and deep coastal marine environments
beyond the blooms of Pseudo-nitzschia (Figure 4.4). In the last decade, Pseudo-nitzschia
and DA events have increased. Massive blooms affected the North American West Coast,
linked to an anomalously warm mass of Pacific water, and blooms in new regions have
occurred (reviewed in Bates et al., 2018). Additionally, it has been demonstrated that
nutrient stress and increased pCO2 can increase DA quotas for Pseudo-nitzschia (Wells et
al., 2005; Sun et al., 2011; Tatters et al., 2012). A combination of temperature, pCO2, and
changing nutrient stoichiometry may increase Pseudo-nitzschia abundance and cellspecific toxicity. This organic polymer-DA pathway could potentially amplify the effect
of Pseudo-nitzschia by expanding the organisms which can directly consume DA (e.g.,
those that graze on marine snow) instead of accumulating DA through biomagnification
in the marine food web. Future work is merited, not only on understanding the
geographical scope and quantitative importance of this pathway, especially in regions
with a persistence of toxic Pseudo-nitzschia, but also discerning whether other algal
toxins (ciguatoxin, brevetoxin, saxitoxin, microcystins, etc.) can be adsorbed to organics
and consumed directly by aquatic fauna.
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CHAPTER V SUMMARY AND CONCLUSIONS

The research undertaken emanated from asking the overarching questions: “How
does organic matter move through marine systems?” and specifically, “How do grazing
interactions at the level of the individual organism affect large-scale ecological
dynamics?” A copepod-diatom model was used to explore these questions. Copepods are
some of the most abundant metazoan consumers of phytoplankton in marine systems and
provide a link between low and high trophic level organisms. Diatoms are an abundant
and productive phytoplankton group in coastal and high latitude marine systems and can
be a nutritious food source for copepods. Their relatively large size as phytoplankton can
facilitate shorter food chains (i.e. directly consumed by larger herbivores which can
reduce respiratory losses among trophic levels), but they possess a mechanical barrier
that has been suggested to provide some protection from grazing. This poses two
variables that copepods must contend with when selecting for diatoms: 1) the silica
content (e.g. thickness or strength of the shell) and 2) organic matter content (e.g. protein,
lipids, carbohydrates). A thicker shell requires more force to crush and may increase the
time and energy needed to consume a diatom, and cells with higher organic matter
content are more nutritious and desirable. However, copepods may select for less
nutritious food if the preferred food is encased in a tough shell. Furthermore, some
diatoms can produce neurotoxins that can have adverse effects on their consumers and
higher trophic level organisms. These toxins enter the marine food web via direct
ingestion of the toxin-producer or via bioaccumulation. However, toxins are also released
into the environment as dissolved organic matter and the fate of that material is unclear. It
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may degrade or enter the food web via alternate pathways. Therefore, the food which
copepods consume has implications for the transfer of energy and matter (e.g. toxins)
through the food web. Exactly how copepods select which particles to consume relies on
both mechanical and chemical sensing, however, it has yet to be determined if one type
of sensing is more important in food selection.
In Chapter II, the effect of the diatom shell on grazing was explored through the
lens of static structural mechanics and material science. The diatom, T. rotula, was grown
to produce variable silica content (e.g. shell thickness) and was fed to copepods to
determine if shell thickness affects how the shell fails, and if copepods adjust their
feeding behavior to overcome the fortified barrier. Copepod ingestion rates on thick and
thin shells were indistinguishable suggesting increased silica content does not impart
additional protection from copepod grazing and does not limit the transfer of energy from
diatom to copepod in this model system. Additionally, three general fracture patterns
were documented in both shell types, punctures, and non-straight and straight fractures.
These fracture patterns were observed at similar frequencies in both shell types but varied
in their distribution within shell types. Non-straight fractures were the most observed
pattern, followed by straight fractures, and punctures were the least observed pattern. The
presence of non-straight fractures is indicative of warping in the shell which redistributes
stresses across the structure, straight fractures suggest a rapid release of energy and
sudden failure, and punctures suggest a localized failure and application of force.
Furthermore, the organic components of the diatom shell may impart prestress on the
structure making it more susceptible to mechanical failure but may help keep the shell
intact in an environment that favors dissolution. The similarity in grazing rates and
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frequency of fractures between thick and thin shells suggests that increased silicification
does not significantly change the structural stability of a T. rotula cell.
Considering the results from our model system it appears that the diatom shell
alone does not significantly hinder an adult copepod from consuming a diatom. Copepods
and diatoms have co-evolved; copepods have developed effective tools, e.g. hardened
silica teeth and strong jaw muscles, to overcome the mechanical barrier presented by the
biosilica shell. Whereas the diatom shell may have been more effective against copepods
prior to the development of silicified teeth, it is now likely limited as an effective defense
against adults but may be effective against nauplii (i.e. immature copepods) which lack
the hardened teeth and strength to crush the shell. Therefore, the shell could be a
beneficial trait if it eliminates or greatly reduces grazing losses from several life stages of
their main predator, but future work would be required to test this. Lastly, energy transfer
from diatoms to copepods is likely not limited by the presence of the shell, the extra
energy needed to crush the shell is likely insignificant relative to the net energy gained.
In Chapter III, diatom preference of copepods based on silica (e.g. mechanical
barrier, shell thickness) and protein content (e.g. nutritional quality) was tested against
the novelty of the food. Grazing experiments suggest that copepods select diatoms, and
perhaps other phytoplankton, based on feeding history and target food items which are
new in their diet. Copepods were acclimated to one of two diatoms (e.g. same species
grown under different light intensity), starved, and then fed a mixture of diatoms in
varying proportions, and in 100% of the treatments copepods actively selected for the
new food item regardless of silica or protein content. However, the data suggest that
silica content affects copepod grazing as diatoms with less silica content were ingested at
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higher rates than those with higher silica content. This suggests that although grazing was
not halted, the increased silica content (e.g. thicker shell) may provide additional
protection by slowing copepod feeding rates. Protein content was not a determining
factor in food selection, however, chemical sensing by copepods is likely still important
in determining food preference. It seems that copepod chemical sensing is not used to
select based on absolute quantity of protein but rather to detect new cues in their food,
and in a sense, this “newness” determines the quality and choice of the food. By targeting
new food, copepods increase variety in their diet and may enhance the likelihood of
attaining essential fatty acids exclusively produced by certain phytoplankton and thereby
increasing their overall nutrition.
The decision to consume a diatom cell is guided by chemical sensing to detect
new food items, for which there is a remarkable preference to consume. Copepods are
willing to search for new food items even when they are relatively rare (e.g. ≤ 25% of
available food); ecologically, this suggests that the benefit of a varied diet outweighs the
cost of additional energy expended during the search. This can be a significant amount of
energy considering copepods experience viscous forces of water, which makes it difficult
to move through the medium, and many copepods undergo diel vertical migration and
travel hundreds of meters to feed during darkness while spending light periods at depth.
Further investigation is needed to quantify the energy budget/dynamics of this feeding
behavior and determine the degree to which this behavior benefits copepod biology. The
strong preference for new food is a potential positive feedback for the numerically
dominant phytoplankton species during a bloom. A copepod may select against an
abundant, and previously consumed, diatom and release it from grazing pressure thereby
118

allowing it to become more abundant (perhaps exponentially if this is/was the main loss
term). This effect could be magnified if copepods actively select for phytoplankton
competitors or protozoan grazers —the latter can be important consumers of diatom
biomass.
In Chapter IV, a new entry pathway into the marine food web was demonstrated
for the algal toxin domoic acid (DA). The investigation demonstrated it is possible for
DA to enter the marine food web via copepods without the direct ingestion of the toxinproducing algae, instead they can consume organic polymer-bound DA. Physical
turbulence in the marine environment via winds, currents, and physical mixing facilitates
the formation and aggregation of organic polymers by increasing interactions between
dissolved cellular metabolites. The polymers can bind dissolved DA on their surfaces and
the particles can be large enough to be ingested by marine metazoans. Copepods were
used as a model organism to explicitly demonstrate the movement of DA into the food
web and validate the entry pathway of DA from dissolved to particulate phase, and
particulate phase into the food web. These findings have implications for the cycling of
DA in the marine system and the duration to which it remains in the environment,
polymer-bound DA may export to the benthos where it can be buried in sediments or
consumed by benthic organisms. The latter pathway has implications for trophic transfer
of DA in benthic food webs. Lastly, this mechanism may apply to other phycotoxins (e.g.
brevetoxin, saxitoxin, microcystin) and marine pollutants (e.g. heavy metals). This topic
merits further investigation to improve our knowledge of how these compounds can cycle
through marine systems and how we may improve existing monitoring efforts to better
detect toxins in the food web.
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This research also has implications for carbon cycling in the marine environment.
Dissolved organic carbon (DOC) which forms organic polymers (e.g. marine snow) is
effectively shifted from the dissolved to particulate phase and shunts carbon from the
microbial loop into the larger food web. Typically, DOC is not viewed as contributing to
building biomass of large organisms, this form of carbon typically fuels the microbial
loop and is lost to the system through respiration and converted to carbon dioxide.
However, the organic polymer pathway presents an option by which diatom DOC can
contribute to building biomass of larger organisms. This concept was tested with one
diatom metabolite, DA, however, it may also apply to other diatom metabolites. This
pathway is important to consider because it can facilitate the movement of carbon into the
pelagic and benthic food web or sequester carbon in the sediment.
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